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ABSTRACT  
  
Second harmonic generation (SHG) is used to study different types of colloidal 
nanoparticle drug-delivery systems. The surface charge density, electrostatic surface potentials, 
and ion adsorptions of 50 nm colloidal gold nanoparticle samples coated with mercaptosuccinic 
acid are determined using SHG measurements under varying NaCl and MgCl2 concentrations in 
water. Numerical solutions to the spherical Poisson-Boltzmann equation are fit to the SHG results 
to account for the nanoparticle surface curvature and ion adsorption to the Stern layer interface, 
showing excellent agreement with electrophoretic mobility measurements. In another study, 
nanoparticles of gold, silver and polystyrene are functionalized with microRNA using a 
nitrobenzyl photocleavable linker that cleaves upon ultraviolet irradiation. The SHG is shown to 
be a sensitive probe for monitoring the photocleaving dynamics of the oligonucleotides in real 
time. The photoactivated controlled release is observed to be most efficient on resonance at 365 
nm irradiation, with pseudo-first-order rate constants that are linearly proportional to irradiation 
powers. Silver nanoparticles show an approximate 6-fold plasmon enhancement in photocleaving 
efficiency over corresponding polystyrene nanoparticles and an approximate 3-fold plasmon 
enhancement over gold nanoparticles. Additionally, gold-silver-gold core-shell-shell nanoparticles 
are prepared and are functionalized with miRNA using Diels-Alder chemistry. The plasmonic 
extinction peak of these nanoparticles, centered at near-infrared (NIR) wavelengths, that can be 
controlled by varying the thickness of gold and silver shells. Photothermal release of 
oligonucleotides from the nanoparticle surface under NIR irradiation is studied for drug-delivery 
applications in the NIR optical window of biological tissue. Lastly, SHG is used to investigate 
molecular adsorption and transport kinetics of positively charged dyes at the surface of liposomes 
in water. The adsorption and time-dependent SHG results are analyzed to obtain the free energies 
x  
  
of adsorption, the adsorption site densities, and the transport kinetics under varying liposome 
chemistries and buffer conditions. Parameters such as electrostatic interactions, the chemical 
structure of the lipid head group, the buffer conductivity, ion-pair formation and adsorbate-
adsorbate repulsion are found to influence the adsorption and transport at the liposome surface. In 
all of these studies, real-time SHG measurements are shown to be highly sensitive for investigating 
surface dynamics in nanoparticle-based drug delivery systems.  
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 CHAPTER 1 
        INTRODUCTION 
 
1.1 Metallic Nanoparticles 
Metallic nanoparticles have drawn great interest due to their unique properties which can 
be utilized in nanomedicine, sensing, catalysis, and optoelectronic fields.1 They are a bridge 
between the corresponding metallic atoms and bulk materials. Metallic nanoparticles also have 
important optical properties derived from surface plasmon resonances (SPRs) which are 
characterized by the coherent oscillation of free electrons under incident light.2-5 
Gold and silver nanoparticles have been widely used due to their many unique physical, 
chemical, and optical properties that are useful for biological applications such as molecular 
sensing, labelling, drug delivery, and photothermal cancer treatment.6-9 The ease of synthesis, 
biocompatibility, and the functionalization with biomolecules through thiolation have led to the 
developments in diagnostic and therapeutic nanomedicines.8, 10 Nanoparticles having various 
geometries such as nanorods,11 nanocages,12 and nanoshells13 have been synthesized and studied 
extensively due to their tunable optical properties. These nanomaterials are attractive for optical 
contrast enhancement agents and for cancer diagnosis and treatment. In order to develop and 
optimize potential biological applications of metallic nanoparticles, it is important to more fully 
understand the surface chemistries and surface charge densities of metallic nanoparticles in 
aqueous colloidal suspension. 6-9 
  Metallic core-shell or core-shell-shell nanoparticles are layered nanoparticles 
consisting of a core surrounded by a shell or by two shells of different metallic materials.14 These 
nanoparticles can be very useful in nanomedicine and catalysis due to their diverse functionalities 
and optical properties that are provided by the layered hybrid nanostructures.15-17 Gold and silver 
2  
  
core-shell nanoparticles, in particular, exhibit strong optical plasmon resonances which are usually 
shifted to longer wavelengths compared to the single corresponding nanospheres.18 The plasmon 
peaks of these core-shell nanoparticles can be tuned from visible to the near infrared region by 
changing the shell material and its thickness. Multilayered gold-silver-gold core-shell-shell 
nanoparticles can be used in drug delivery and photothermal treatments of tumors due to their 
affinity to bind with biological molecules and their ability to absorb near infrared radiation with 
high photothermal efficiencies.19 Figure 1.1 shows representative transmission microscopy (TEM) 
images of gold (68 ± 7 nm), silver (65 ± 7 nm), gold-silver core-shell (60 ± 7 nm) and gold-silver-
gold core-shell-shell (140 ± 10 nm) nanoparticles produced in our laboratory. Figure 1.2 shows 
the extinction spectra of these silver, gold and gold-silver-gold core-shell-shell nanoparticles. 
Figure 1.1. Representative TEM images of (a) gold, (b) silver, (c) gold-silver core-shell, and (d) 
gold-silver-gold core-shell-shell nanoparticles.  
 
     500 nm 
(a) 
(d) 
(b) 
(c) 
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Figure 1.2. Extinction spectra of gold, silver, and gold-silver-gold core-shell-shell nanoparticles 
showing the plasmon peaks at different wavelengths. 
 
1.2 Surface Plasmon Resonances 
The localized surface plasmon resonances of metallic nanoparticles are characterized by 
the coherent oscillations of free electrons in the conduction band induced by incident 
electromagnetic radiation, where the plasmon energies depend on the nanoparticle size, shape, 
composition, and surrounding medium.20-24 Surface plasmons interact strongly with nearby 
molecules and can lead to significant optical field enhancements for processes such as surface-
enhanced Raman scattering (SERS) and molecular fluorescence.25-28 Surface plasmons of 
nanoparticles can be tuned from ultraviolet to infrared photon energies for various applications 
including plasmonic tags and particle-based therapies,29-31 biological and chemical sensing,32-37 
and catalysis.38-41 Figure 1.3 shows an illustration of a surface plasmon resonance of a metallic 
nanoparticle induced by an optical electromagnetic field.  
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Figure 1.3. Illustration of the surface plasmon resonance of spherical metallic nanoparticle under 
an incident electric field.33  
 
1.3 Surface Charge Density           
A colloidal particle often develops charge on its surface when suspended in a solution either 
from adsorption of ionic species to the surface or from dissociation of ions from the surface.42-43 
A surface charge density causes a corresponding electrostatic potential to develop on the surface 
of the nanoparticle. The electrostatic potential decays linearly until reaching the Stern layer, and 
then decays approximately exponentially through the diffuse layer. A boundary line separates the 
double layer from the bulk electrolyte solution at the hydrodynamic radius. This boundary is called 
the slipping plane and the potential at this plane is defined as the zeta potential. Figure 1.4 depicts 
the structure of the electrical double layer and the variation of the electrostatic potential as a 
function of the distance from the nanoparticle surface. In order to accurately describe the interfacial 
chemistry and electrostatic properties of colloidal particles, it is important to determine the surface 
charge density (σ) and electrostatic surface potential (𝛷0). 
1.4  Second Harmonic Generation  
         Nonlinear spectroscopies such as sum frequency generation (SFG) and second harmonic 
generation (SHG) are noninvasive and nondestructive techniques which are highly sensitive to the  
5  
  
 
Figure 1.4. Schematic representation of the electrical double layer structure surrounding the 
surface of a colloidal nanoparticle with the corresponding electrostatic potential as a function of 
distance. 
 
surface due to the optical symmetry of the measurement.44-45 SHG is an optical process in which 
two incident photons of frequency ω add coherently to generate a photon of frequency 2ω.44 SHG 
is typically forbidden in bulk media that have inversion symmetry but it can be generated at the 
surface of nanoparticles where the inversion symmetry is broken. The SHG signal from an 
interface has contributions from the second-order and third-order nonlinear susceptibilities, 𝜒(2) 
and 𝜒(3), respectively. The 𝜒(2) term originates from the two-photon spectroscopy of the surface, 
whereas the 𝜒(3) term is a consequence of the electric field of the surface inducing a polarization 
of bulk molecules in the solvent. The second harmonic electric field (𝐸2𝜔) is given by equation 
(1.1), 
𝐸2𝜔 ∝ 𝑃2𝜔 =  χ
(2)EωEω + χ
(3) EωEωɸ0                                  (1.1) 
where, P2ω is the induced second-order polarization at the interface that generates second harmonic 
generation, Eω is the electric field of the incident laser light and ɸ0 is the surface potential due to 
the static electric field. The second-order polarization from the 𝜒(2) process, P2ω
(2)
, is equal to a 
summation of the density of adsorbed species (Ni) and their second-order hyperpolarizabilities  
6  
  
(αi
(2)), according to equation (1.2),  
            
Similarly, the second-order polarization from the 𝜒(3) process, P2ω
(3)
, of a nanoparticle sample in 
aqueous colloidal suspension is associated with the interfacial water molecules and can be 
expressed using equation (1.3),        
 
where, 𝛼𝑤𝑎𝑡𝑒𝑟
(3)
 is the third order hyperpolarizability of water, µ is the permanent dipole of water, 𝑏 
is a constant determined by the susceptibility element and 𝑘𝑇 is the thermal energy. The process 
of SHG is depicted schematically in Figure 1.5.  
  
 
 
 
 
 
 
 
 Figure 1.5. Schematic diagram showing the energy level diagram of second harmonic generation. 
1.5 Scope of the Dissertation 
  This dissertation describes the use of the surface-sensitive nonlinear spectroscopy 
of second harmonic generation for the study of nanoparticles in colloidal suspension. Chapter 2 
describes investigations of the surface charge density of the colloidal gold nanoparticles in water 
and their subsequent interactions with different salts measured as a function of added NaCl and 
E
1
 
E
2
 
ω 
ω 2ω 
Virtual state 
Virtual state 
Ground state 
E2ω
(2)
∝  P2ω
(2) =  χ(2)EωEω = ∑ Ni
n
i 〈αi
(2)〉 EωEω       (1.2)                                     
𝐸2𝜔
(3) ∝  𝑃2𝜔
(3) =  𝜒(3)𝐸𝜔𝐸𝜔ɸ0 = 𝑁𝑤𝑎𝑡𝑒𝑟 (𝛼𝑤𝑎𝑡𝑒𝑟
(3)
+
µ〈𝛼𝑤𝑎𝑡𝑒𝑟
(2)
〉
𝑏𝑘𝑇
) 𝐸𝜔𝐸𝜔ɸ0  (1.3) 
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MgCl2 solutions. Chapter 3 describes the dynamics of light-activated controlled release of the 
oligonucleotides from the miRNA-functionalized gold nanoparticles monitored as a function of 
the irradiation laser power and wavelengths. Light-activated drug delivery using biocompatible 
plasmonic nanoparticles presents a method with greater potential for spatiotemporally controlled 
release than alternate methods based on chemical stimuli, pH, or ionic strength. Plasmon-enhanced 
light-activated drug delivery systems are further studied using silver nanoparticles and the rate of 
photo-cleaving is compared with gold nanoparticles and polystyrene sulfate nanoparticles, as 
described in Chapter 4. In order to extend this photoactivated drug delivery to near infrared 
wavelengths that are better suited for the optical window of biological samples, novel colloidal 
gold-silver-gold core-shell-shell nanoparticles are prepared and characterized. These nanoparticles 
are functionalized with microRNA using Diels-Alder chemistry and the kinetics of the 
photothermal release of oligonucleotides is studied, as presented in Chapter 5. In addition to the 
SHG studies on plasmonic nanoparticles, the adsorption and transport of the drug-like molecule, 
malachite green dye, at the lipid bilayer in various liposomes in water are studied and described in 
Chapter 6. This work presented here is important for understanding stimuli responsive drug and 
gene delivery allowing for an unprecedented understanding of the surface chemistry of liposomes 
for future developments in drug delivery applications. Appendices A.1, A.2, and A.3 provide 
additional information corresponding to work presented in Chapters 2, 4, and 6, respectively. 
Overall, second harmonic generation is found to be a very sensitive technique to investigate the 
surface chemistry, surface charge density and molecular interactions at colloidal nanoparticle 
interfaces. 
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CHAPTER 2 
DETERMINATION OF THE SURFACE CHARGE DENSITY OF 
COLLOIDAL GOLD NANOPARTICLES USING SECONDHARMONIC 
GENERATION* 
 
 
2.1 Introduction 
Gold nanoparticles have attracted considerable attention due to their unique physical, 
chemical, and optical properties,1-3 making them well suited for many biological applications such 
as molecular sensing,4,5 labeling,6,7 drug delivery,8-10 and photothermal cancer therapy.11-14 Gold 
nanoparticles have localized surface plasmon resonances, which are characterized by the coherent 
oscillations of free elections under incident light and depend on the nanoparticle size, shape, 
composition, and surrounding medium.1-3 The plasmon resonances can cause significant optical 
field enhancements leading to processes such as surface enhanced Raman spectroscopy 
(SERS),15,16 surface enhanced fluorescence,17-19 and plasmon-exciton polariton resonant 
coupling.20,21 Functionalization of gold nanoparticles with biologically-relevant molecules such as 
proteins, DNA, and pharmaceuticals is readily accessible through thiolation.2,22 In order to develop 
and optimize potential applications of gold nanoparticles, it is important to more fully understand 
the surface chemistry and surface charge density of colloidal gold nanoparticles in water. 
Second harmonic generation (SHG) is a powerful, noninvasive, surface-sensitive technique 
that is useful for the investigation of colloidal nanoparticles.21,23-28 SHG is a nonlinear optical 
process in which two incident photons of frequency ω add coherently to generate a photon of 
frequency 2ω.29-31 SHG is typically forbidden in bulk media that have inversion symmetry but it 
can be generated at the surface of nanoparticles where the inversion symmetry is broken. The SHG  
 
*“Reprinted with permission from [Kumal, R. R.; Karam, T. E.; Haber, L. H. J. Phys. Chem. C 
2015, 119, 16200-16207].Copyright [2015] American Chemical Society.” 
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signal from an interface has contributions from the second-order and third-order nonlinear 
susceptibilities, 𝜒(2) and 𝜒(3), respectively.23,32-34 The 𝜒(2) term originates from the two-photon 
spectroscopy of the surface, whereas the 𝜒(3) term is a consequence of the electric field of the 
surface inducing a polarization of bulk molecules in the solvent. The surface charge density and 
the electrostatic surface potential of colloidal nanoparticles can be obtained by fitting experimental 
SHG measurements as a function of added electrolyte concentrations to theoretical models, such 
as the Gouy-Chapman model.33-36 Several different colloidal nanoparticle samples have been 
investigated using this SHG 𝜒(3) method, also called the electric field induced second harmonic 
(EFISH) technique, including polystyrene nanoparticles,32,34,37,38 clay nanodisks,23,39 liposomes,40 
and biologically conjugated nanoparticles.41 Additional 𝜒(3) studies have been conducted on 
planar interfaces including electrolytes near solid/water interfaces,33,42,43 DNA at surfaces in 
solution44-46 and hot electron transfer dynamics from colloidal lead selenide nanocrystals to a 
titanium oxide surface.47 For colloidal particles with nanoscale size, consideration of the surface 
curvature is crucial for an accurate determination of the surface charge density and the electrostatic 
surface potential, especially in the limit where the Gouy-Chapman model is no longer valid.36,48-50 
Existing techniques for obtaining the electrostatic surface potential of colloids based on 
electrophoretic mobility measurements are challenging due to the lack of information regarding 
the surface structure and its interaction with the solution.35,51 For example, problems can arise from 
accurately accounting for the position of the slipping plane, the double layer distortion, the 
viscoelectric constant of the solution, and the electroosmosis effect.35,51 The relationship between 
the colloidal surface potential and the corresponding surface charge density depends on several 
interconnected factors including the nanoparticle size and electrolyte adsorption to the Stern-layer 
interface.35,36,49,50 Previous investigations using electrophoretic mobility measurements on 
14  
  
colloidal gold nanoparticles49,50 have several inherent experimental limitations and may not 
correctly account for effects due to nanoparticle aggregation. The direct comparison between 
results obtained by the SHG 𝜒(3) method and electrophoretic mobility measurements with careful 
considerations of nanoparticle size and ion adsorption can provide for the most accurate 
determination of the surface charge density of colloidal nanoparticles. 
  In this chapter, second harmonic generation measurements are used to determine 
the surface charge density of 50 nm colloidal gold nanoparticles functionalized with 
mercaptosuccinic acid (MSA) in water. The SHG signal is measured as a function of added NaCl 
and MgCl2 electrolyte concentrations and the results are fit to numerical solutions to the Poisson-
Boltzmann equation to account for the nanoparticle surface curvature, the different salts valences, 
and ion adsorption, with excellent agreement to corresponding electrophoretic mobility 
measurements. To the best of our knowledge, this is the first time the SHG 𝜒(3)  technique has 
been successfully integrated with numerical solutions that account for corrections due to the 
colloidal nanoparticle surface curvature. The findings indicate that a significant Stern layer of 
counterions is present at the nanoparticle surface and is an important contribution for 
understanding the surface chemistry of colloidal gold nanoparticles in water. 
2.2 Experimental Section 
2.2.1 Synthesis and Characterization of Nanoparticles: The colloidal gold nanoparticle sample 
is prepared using a technique described previously, which includes seeded growth, thiolation, and 
dialysis.21,52 In the gold nanoparticle seed synthesis, 900 μL of 34 mM sodium citrate is added to 
30 mL of 290 μM gold chloride in ultrapure water under boiling conditions and vigorous stirring. 
The solution changes color to a bright red after 10 minutes and is then cooled to room temperature. 
In a separate flask, 250 μL of the seed solution is added to 2.9 mM of gold chloride in 9.8 mL of 
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ultrapure water, followed by the addition of 100 μL of 0.03 M hydroquinone and 22 μL of 34 mM 
sodium citrate. The solution is left to stir at room temperature for 60 min to produce the 50 nm 
colloidal gold nanoparticles.21,52 This synthesis procedure is repeated several times until a 
sufficient sample volume is prepared. The colloidal gold nanoparticles are then dialyzed against a 
22 mM solution of MSA in ultrapure water for three consecutive days, followed by dialysis against 
ultrapure water for two additional days, where the outer solution or water is replaced several times 
a day. The MSA replaces the citrate as the capping agent due to the relatively strong gold-thiol 
bond. The final dialysis in ultrapure water removes excess salts and reactants from the gold 
nanoparticle solution. 
The gold nanoparticles are characterized using transmission electron microscopy (TEM), 
dynamic light scattering, ultraviolet-visible extinction spectroscopy, and zeta potential 
measurements. A representative TEM image of the gold nanoparticle sample is shown in Figure 
2.1. From a survey of 190 TEM images, the average nanoparticle size is determined to be 50 ± 6 
nm in diameter. Figure 2.2 displays the experimental extinction spectrum of the colloidal gold 
nanoparticle sample (red line) compared to the spectrum derived using Mie theory25 for 50 ± 6 nm 
gold nanoparticles in water (grey line) at a concentration of 2.9 ×109 nanoparticles per mL, 
showing good agreement. The localized surface plasmon peak is observed at 534 nm. Dynamic 
light scattering measurements of the nanoparticle sample give a hydrodynamic diameter of 50.5 ± 
9.6 nm, in agreement with the TEM and extinction spectroscopy results.  The zeta potential 𝜁 of 
the colloidal gold nanoparticle sample is obtained from electrophoretic mobility measurements 
using a Malvern Zetasizer (ZEN 3600). The electrophoretic mobility plot showing the average of  
measurements and the experimental uncertainty is displayed in Figure 2.3. The relationship 
between the zeta potential and the electrophoretic motility is given by  𝑈𝐸 = 2 𝜀 𝜁 𝑓(𝜅𝑎) / 3𝜂  
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Figure 2.1. Transmission electron microscopy image of the gold nanoparticle sample. The 
nanoparticle diameter is determined to be 50 ± 6 nm from a survey of 190 mages. 
 
Figure 2.2. Extinction spectrum of the 50 nm colloidal gold nanoparticle sample in water (red line) 
compared with the best fit from Mie theory (grey line). The concentration is calculated to be 2.9 x 
109 nanoparticles/mL. 
 
where, 𝑈𝐸 is the electrophoretic mobility, 𝜀 is the dielectric constant of the bulk solution, 𝜂 is the 
coefficient of viscosity of the solvent, 𝑓(𝜅𝑎) is Henry’s function, 𝜅 is the inverse of the Debye 
length, and 𝑎 is the nanoparticle radius. For 𝜅𝑎 ≪ 1,  Huckel’s approximation gives 𝑓(𝜅𝑎) = 1.50,53 
For our experimental conditions, before adding any salts, 𝜅𝑎 ≪ 1, so Huckel’s approximation is 
used. For the colloidal gold nanoparticle sample in water, with a diameter of 50 ± 6 nm, the average 
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electrophoretic mobility is measured to be −2.96 ± 0.89 µm cm/Vs, giving a zeta potential of −57 
± 17 mV.  
 
Figure 2.3. Electrophoretic mobility plot showing the average of measurements (black line) and 
the experimental uncertainty (blue error bars). 
 
2.2.2 Experimental Setup: The experimental setup for the second harmonic generation studies 
has been described previously.21,25 Briefly, the setup consists of an ultrafast laser system, an optical 
setup, and a high-sensitivity charge-coupled device spectroscopy detector connected to a 
monochromator-spectrograph. A titanium:sapphire oscillator laser with 2.6 W average power and 
70 fs pulses centered at 800 nm with a repetition rate of 80 MHz is attenuated to 1.2 W and is 
focused to the gold nanoparticle sample at an initial concentration of 4.4 x 109 nanoparticles per 
mL in a 1 cm quartz cuvette. Optical filters are used to remove any residual SHG signal from the 
laser beam before hitting the sample and to remove the fundamental 800 nm light after the sample. 
The SHG signal is acquired in the forward direction from the nanoparticle sample. An integrated 
computer program controls a beam block, a magnetic stir bar, and a burette to add the salt solutions 
to the sample under stirring in synchronization with automated data acquisition for background-
subtracted concentration-dependent SHG measurements. Multiple spectra are acquired with 1 
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second acquisitions for the laser blocked and unblocked for 1 minute for each salt concentration 
for statistical analysis. 
2.3 Results and Discussion 
The background-subtracted concentration-dependent SHG spectra are analyzed in order to 
obtain the SHG electric field as a function of the added salt concentration for both NaCl and MgCl2. 
Representative SHG spectra of colloidal gold nanoparticles with added NaCl and MgCl2 are shown 
in Figures 2.4 (a) and (b), respectively. The large SHG peak is centered at 400 nm and has a full 
width half maximum of 4.5 nm. The rise in intensity at longer wavelengths is attributed to two-
photon fluorescence from the colloidal gold nanoparticles. The SHG signal is observed to decrease 
with added salt concentrations due, in part, to the changing electrostatic potential at the gold 
nanoparticle surface and the corresponding χ(3) effect. The SHG electric field 𝐸𝑆𝐻𝐺  is proportional 
to the square root of the SHG signal, where 
𝐸𝑆𝐻𝐺 = 𝐴 + 𝐵Φ0.          (2.1) 
Here, 𝐴 and 𝐵 are constants that include the second-order and third-order nonlinear susceptibilities, 
χ(2) and χ(3), respectively, as well as the incident electric field 𝐸𝜔 from the laser at frequency 𝜔. As 
the electrolyte concentration is increased, the ions distribute around the charged surface and screen 
the electrostatic potential Φ0 at the nanoparticle surface to decrease its magnitude, which leads to 
a decrease in the measured SHG signal.  
In order to distinguish between the SHG decrease from the χ(3) effect with the SHG decrease 
due to nanoparticle dilution, the results are compared to a control where ultrapure water is added 
to the nanoparticle sample instead of the salt solutions. The SHG signal from the sample at 
different concentrations is obtained by integrating the background-subtracted spectrum over the 
wavelength range from 395 and 405 nm and subtracting a two-photon fluorescence linear offset 
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Figure 2.4. SHG spectra of the colloidal gold nanoparticle sample at different (a) NaCl and (b) 
MgCl2 concentrations using 800 nm incident light. 
 
connecting the spectra from 394 to 395 nm and 405 to 406 nm using a linear least squares fit. The 
background-corrected SHG signal of the gold nanoparticle sample as a function of the added 
volume of water, 0.25 mM NaCl, and 0.10 mM of MgCl2 is shown in Figure 2.5. Error bars 
represent the standard deviation of the SHG signal. The SHG signal is observed to decrease when 
adding water alone due to nanoparticle dilution. The SHG signal is observed to decrease much 
more, especially at first, when adding the NaCl and MgCl2 solutions due to a combination of 
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nanoparticle dilution and the χ(3) effect. When adding water to the gold nanoparticle sample, the 
SHG signal is observed to vary linearly with the nanoparticle concentration, as expected for this 
concentration range. Figure 2.6 shows these results, with the best fit (red line) given by a slope of 
(1.72 ± 0.02) x 10-10 mL/nanoparticle and a y-intercept of 0.246 ± 0.008 in arbitrary units where 
the SHG signal is normalized for the initial sample concentration. The non-zero y-intercept is due 
to SHG signal from water alone in the quartz cuvette. The corrected SHG signal due the χ(3) effect 
is determined by dividing the measured SHG signal as a function of the added salt solution volume 
by the linear decrease obtained from the added water measurements. The square root of the 
corrected SHG signal is denoted as the SHG electric field 𝐸𝑆𝐻𝐺 , which is used to compare to 
theoretical model best fits. Complementary SHG and extinction spectroscopy measurements of the 
gold nanoparticle sample as a function of higher salt concentrations are shown in Appendix 1 and 
demonstrate that nanoparticle aggregation and plasmonic spectral shifts do not occur in the 
concentration range studied in Figures 2.4, 2.5, and 2.7.54 The SHG signal is observed to increase 
significantly for nanoparticle aggregation, in contrast to the decrease in SHG signal from the χ(3) 
effect, measured here. 
The surface charge density and the electrostatic surface potential of the colloidal gold nanoparticles 
capped with MSA is obtained by fitting the concentration-dependent experimental measurements 
of 𝐸𝑆𝐻𝐺 to three different models. The first model is the Gouy-Chapman model,
34,35 which is 
expected to be extremely inaccurate for the nanoparticle sizes studied here. The second and third 
models use numerical solutions to the spherical Poisson-Boltzmann equation,34-36,48 and either 
neglect ion adsorption or include ion adsorption, respectively. The Poisson-Boltzmann is given by 
∇2Φ = −
𝑒𝑁𝐴
𝜀
∑ 𝐶𝑖𝑧𝑖 𝑒
−𝑧𝑖𝑒Φ/𝑘𝑇
𝑖       (2.2) 
where Φ is the electrostatic potential as a function of the distance from the surface, 𝑒 is the 
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Figure 2.5. The SHG signal of the gold nanoparticle sample as a function of the added volume of 
ultrapure water (black line), 0.25 mM NaCl (red line), and 0.10 mM MgCl2 (blue line).  
Figure 2.6. The SHG signal intensity as a function of the concentration of the gold nanoparticle 
sample in water. 
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elementary charge, 𝑁𝐴 is the Avogadro constant, 𝐶𝑖 is the bulk electrolyte concentration of the 𝑖
𝑡ℎ 
ion, 𝑧𝑖 is the charge of the 𝑖
𝑡ℎ ion, 𝑘 is the Boltzmann constant, and 𝑇 is the temperature. The 
Gouy-Chapman model is the analytical solution to the Poisson-Boltzmann equation for describing 
the distributions of ions near a planar, charged surface in a symmetric electrolyte solution. The 
surface potential, according to the Gouy-Chapman model, is given by 
 Φ0 =
2𝑘𝑇
𝑧𝑒
sinh−1 (
𝜎
√8𝜀𝑘𝑇𝐶
)       (2.3) 
where 𝜎 is the surface charge density in SI units, and 𝐶 is the salt concentration. NaCl is a 
symmetric electrolyte with 𝑧 = 1. MgCl2 is an asymmetric electrolyte so the GC model is an 
inaccurate description of the electrostatic surface potential under varying MgCl2 concentration, 
especially under certain conditions. For a negatively-charged planar surface at relatively low 
concentrations, the Mg2+ ion dominates the interaction and the GC equation with 𝑧 = 2 is 
sufficiently accurate for modeling the surface potential in the MgCl2 electrolyte solution. However, 
for nanoparticles smaller than about 100 nm, the significant surface curvature requires a numerical 
solution to the Poisson-Boltzmann equation in spherical coordinates in order to accurately 
determine the relationship between the surface charge density and the electrostatic surface 
potential in an electrolyte.49,50 In addition, ion adsorption to the colloidal nanoparticle surface can 
be included by expressing the surface charge density as the sum of the initial surface charge density 
𝜎0 and the charge density created by adsorbed ions, given by
33,55 
 𝜎 = 𝜎0 + 𝜎𝑚 (
𝐾𝑚 𝐶
1+𝐾𝑚 𝐶
)       (2.4) 
where 𝜎𝑚 is the maximum surface charge density due to adsorbed ions 𝑚 at saturation and 𝐾𝑚 is 
equilibrium constant of ion adsorption. In this case, the surface potential corresponds to the outer 
edge of the Stern layer, including the adsorbed ions.  
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The three different models are applied to fit the experimental 𝐸𝑆𝐻𝐺  measurements of the 
gold nanoparticle sample under varying NaCl and MgCl2 concentrations. Since the data are taken 
under the same laser and nanoparticle sample conditions, the values for 𝐴, 𝐵, and 𝜎 from equation 
(1) are expected to remain constant for both the NaCl and MgCl2 concentration-dependent 
measurements for each separate fit. The experimental results of the SHG electric field 
measurements with the corresponding fits as a function of NaCl and MgCl2 concentrations are 
shown in Figure 2.7. The first fit uses equation (3) from the Gouy-Chapman model for 𝑧 = 1 for 
NaCl and 𝑧 = 2 for MgCl2 resulting in the green curves for Figures 2.7 (a) and (b), with 𝐴, 𝐵, and 
𝜎 given by 0.810 ± 0.004, −2.11 ± 0.08 V-1, and (−6.08 ± 0.57) x 10-4 C/m2, respectively. However, 
it is important to point out again that the Gouy-Chapman model is not expected to be valid for the 
nanoparticle size and salt concentrations in these studies. The second fit incorporates numerical 
calculations for the Poisson-Boltzmann equation and neglects ion adsorption. The numerical 
calculations include effects from the nanoparticle surface curvature and the symmetric and 
asymmetric NaCl and MgCl2 electrolytes. More details about the procedure used for the numerical 
solutions to the spherical Poisson-Boltzmann equation and the corresponding fits are described in 
Appendix 1. The second fit using the numerical solutions to the Poisson-Boltzmann equation 
without including ion adsorption is shown by the red curves in Figures 2.7 (a) and (b), with 𝐴, 𝐵, 
and 𝜎 given by 0.659 ± 0.008, −7.49 ± 0.25 V-1, and (−1.36 ± 0.12) x 10-3 C/m2, respectively. The 
third fit using the numerical solutions to the Poisson- Boltzmann equation including ion adsorption 
is shown by the black curves in Figures 2.7 (a) and (b), with 𝐴, 𝐵, and 𝜎0 given by 0.706 ± 0.009, 
−4.59 ± 0.16 V-1, and (−1.95 ± 0.12) x 10-3 C/m2, respectively, with the ion adsorption surface 
densities and equilibrium constants given by 2.6 ±0.5 x 10-4 C/m2 and 0.18 μM-1, respectively, for 
the sodium ion, and 1.3 ± 0.5 x 10-4 C/m2 and 11 μM-1, respectively, for the magnesium ion. The  
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Figure 2.7. Experimental measurements of the SHG electric field (blue circles) as a function of 
added (a) NaCl and (b) MgCl2 salt concentrations for the colloidal gold nanoparticle sample with 
corresponding fits using the Gouy-Chapman model (green curves) and numerical solutions to the 
Poisson-Boltzmann equation without ion adsorption (red curves) and with ion adsorption (black 
curves). 
The fitting results are summarized in Table 1.1. The third fit, using the numerical solutions 
including ion adsorption, provides the best accuracy to the experimental results, giving an overall 
𝑅2 value of 0.95, compared to 𝑅2 values of 0.92 and 0.90 for the first and second fits, respectively. 
Accordingly, the adjusted ?̅?2 values are 0.92, 0.90, and 0.94 for the first, second, and third fits, 
respectively, showing that the third fit is still the most accurate model when considering the  
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different number of fitting parameters. 
The corresponding surface potentials from the best fit using numerical solutions to the 
spherical Poisson-Boltzmann equation including ion adsorption are labeled on the right-side y-
axes of Figures 2.7 (a) and (b). The surface potentials before the addition of salts from this best fit 
are determined to be −65 ± 2 mV and −62 ± 2 mV for the NaCl and MgCl2 datasets, respectively. 
In comparison, the corresponding surface potentials from the other fits before the addition of salts 
are −46 ± 2 mV and −42 ± 2 mV for the NaCl and MgCl2 datasets using the numerical solutions 
fit without including adsorption, respectively, and −93 ± 6 mV and −86 ± 6 mV for the NaCl and 
MgCl2 datasets using the Gouy-Chapman fit, respectively. In addition, the low electrolyte 
concentrations studied here lead to large Debye lengths, so the zeta potential is not expected to 
deviate by more than about 5% from the surface potential before adding salt, since electroviscosity 
effects can be neglected and the distance from the surface to the slipping plane can be estimated 
to be about 1 nm.56, 57 The zeta potential of the gold nanoparticles obtained from the electrophoretic 
mobility measurements shown in Figure 2.3 agrees best with the initial surface potentials 
determined from the numerical solutions including adsorption, further confirming the accuracy of 
this model. Taking these considerations into account, the 𝜎 value of (−1.95 ± 0.12) x 10-3 C/m2, 
obtained from numerical solutions to the Poisson-Boltzmann equation including ion adsorption, is 
expected to represent the most accurate determination of the surface charge density of this gold 
nanoparticle sample in water. This corresponds to a total charge of (−1.53 ± 0.09) x 10-17 C or 
−95.6 ± 5.9 charges per nanoparticle.  
The ion adsorption surface densities and equilibrium constants obtained from the best fit 
provide interesting insight into the nature of the colloidal gold nanoparticle surface. The higher 
ion adsorption surface charge density of the sodium ion compared to the magnesium ion can be 
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Table 2.1. Summary of the fitting results of A, B, and σ for the three models. The resulting initial 
surface potentials before adding salts are also tabulated.  
 
explained predominantly by the different values of the free energy of solvation, where the Na+ ion 
has a solvation free energy of −375 kJ/mol in water and the Mg has a solvation free energy of 
−1838 kJ/mol.58 The larger ion adsorption equilibrium constant of magnesium compared to sodium 
can be explained by the different valences of the ions. Additional factors such as ion 
polarizabilities, adsorbate-adsorbate repulsions, and image-charge attraction probably also 
influence these results.  
These experimental results provide an important description of the colloidal gold 
nanoparticle interface. The results indicate that ion adsorption is important at the colloidal gold 
nanoparticle interface in water. Additionally, previous studies estimate the average area of MSA 
to be 15 A2 in a self-assembled monolayer (SAM).49, 59 The nanoparticles are expected to be 
covered by a full monolayer of MSA since the nanoparticles are prepared by dialysis in an MSA 
solution in significant excess of the concentration needed to saturate the gold surface, although 
additional studies should be done to confirm this. The first and second acid dissociation constants 
for MSA in water are given by 𝑝𝐾𝑎1 = 4.19 and 𝑝𝐾𝑎2 = 5.64.
49 The pH of the gold nanoparticle 
sample is measured to be 6.0 ± 0.2. Therefore, assuming full coverage, each MSA molecule would 
have an average charge of −1.7 ± 0.1 𝑒, assuming the acid dissociation constants are the same 
 
Models 
 
Fit Parameters 
Initial Surface 
Potential (mV) 
A B (V−1) σ (C/m2) NaCl MgCl2 
Gouy-Chapman 0.810 ± 0.004 –2.11 ± 0.08 (–6.08 ± 0.57) × 10−4 –93 ± 6 –86 ± 6 
Numerical 
Solutions 
0.659 ± 0.008 –7.49 ± 0.25 (–1.36 ± 0.12) × 10−3 –46 ± 2 –42 ± 2 
Numerical 
Solutions with 
Adsorption 
0.706 ± 0.009 –4.59 ± 0.16 (–1.95 ± 0.12) × 10−3 –65 ± 2 –62 ± 2 
27  
  
when the molecule is attached to the gold nanoparticle surface. Using the expected MSA molecular 
density from SAM studies, this would correspond to a surface charge density of −1.7 C/m2. The 
significant discrepancy between this estimated surface charge density and the measured value 
using the χ(3) method can be explained by several factors. The pKa of MSA is likely to be very 
different at the nanoparticle surface than in bulk water, leading to a lower surface charge density. 
The MSA may not form a full monolayer at the nanoparticle surface. Gold atoms near the surface 
may be positively charged, offsetting the total charge of the nanoparticle. Additionally, adsorbed 
counterions may be present on the gold nanoparticle surface even before adding any salt 
concentration. Theoretical modeling of metal surfaces in electrolytes indicates that image-charge 
attraction can significantly increase Stern layer concentrations of counterions.60 This contrasts with 
surfaces of materials with lower dielectric constants than water, which are characterized by image-
charge repulsion in aqueous electrolyte solutions.61 The organic monolayer will also alter any 
image-charge effects. More work is needed to fully characterize the surface chemistry of the 
colloidal gold nanoparticles for improving the functionality for applications such as molecular 
sensing, nanomedicine, and catalysis.   
2.4 Conclusion 
Second harmonic generation is used to obtain the surface charge density of 50 nm gold 
nanoparticles functionalized with MSA in aqueous colloidal suspension. The experimental results 
of the SHG electric field as a function of added NaCl and MgCl2 concentrations are most accurately 
described using the χ(3) technique with a model based on numerical solutions to the spherical 
Poisson-Boltzmann which account for the nanoparticle surface curvature, salt valences, and ion 
adsorption. The best fit of the SHG data determines that the surface charge density of the gold 
nanoparticles is (−2.0 ±0.1) x 10−3 C/m2, which corresponds to a total charge of −96 ± 6 per 
28  
  
nanoparticle. These results agree with corresponding electrophoretic mobility measurements. In 
addition, the sodium ion is observed to adsorb with a higher saturated surface charge density 
compared to the magnesium ion, even though the magnesium ion is observed to have a larger 
equilibrium constant of adsorption, which is likely the consequence of the different cation valences 
and solvation free energies. These measurements help to provide an important characterization of 
the colloidal gold nanoparticle interface for improving potential applications in molecular sensing, 
nanomedicine, and catalysis. 
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CHAPTER 3 
MONITORING THE PHOTOCLEAVING DYNAMICS OF COLLOIDAL 
MICRORNA-FUNCTIONALIZED GOLD NANOPARTICLES USING 
SECOND HARMONIC GENERATION* 
 
3.1 Introduction 
Short oligonucleotides including small interfering RNA (siRNA) and microRNA (miRNA) 
are involved in the post-translational control of gene expression and have become increasingly 
important in basic and applied biology.1-6 Because systemically administered siRNA and miRNA 
are rapidly degraded by RNases in the bloodstream before reaching their cellular targets, methods 
of protecting and delivering these oligonucleotides are important to the development of RNA-
based therapeutics.7-10 Thiolation of synthetic oligonucleotide strands and attachment to metal 
nanoparticles has become an important method to protect the oligonucleotide from enzymatic 
degradation and to facilitate transport into the cell.11, 12 Our previous work has demonstrated that 
short nucleotide strands of antisense DNA13 and osteogenic miRNA-148b14 are able to be attached 
to silver nanoparticles through thiol functionalization and then transported into mammalian cells, 
altering their fate after being released from the particle by photoactivation. Light activation 
presents a method with a greater potential for spatiotemporally controlled release than alternate 
methods based on chemical stimuli, pH, or ionic strength.14-18  
The unique optical properties of gold nanoparticles (GNPs), especially their activity in the 
visible and near-infrared regions, along with their biocompatibility and ease of synthesis, enable a 
number of applications including molecular sensing, labeling, drug delivery, and photothermal 
cancer treatment.15-19  The optical properties of GNPs are derived from the surface plasmon 
*“Reprinted with permission from [Kumal, R. R.; Landry, C. R.; Abu-Laban, M.; Hayes, D. J.; 
Haber, L. H. Langmuir 2015, 31, 9983-9990].Copyright [2015] American Chemical Society.” 
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resonances which are characterized by the coherent oscillation of free electrons under incident 
light.20-23 The plasmon resonances can cause significant optical field enhancements leading to 
processes such as surface enhanced Raman spectroscopy (SERS),24, 25 surface enhanced 
fluorescence,26, 27  and plasmon-exciton polariton resonant coupling.28 Gold nanoparticles having 
various geometries such as nanorods, nanocages, and nanoshells are attractive nanomaterials for 
optical contrast enhancement agents, cancer diagnosis, and therapeutics.29-31 Recent in vivo studies 
of oligonucleotide-functionalized GNPs have demonstrated their powerful ability for cancer gene 
therapy through controlled release.32, 33 GNPs can be functionalized with miRNA using the same 
thiolization method as silver nanoparticles and many other metallic nanoparticles.13, 14 To date, 
several groups have investigated light-activated nucleic acid delivery using GNPs to demonstrate 
the controlled release of DNA,16, 17 the selective release of multiple DNAs,18 and light-activated 
gene silencing.15 
Here, we report the use of nonlinear spectroscopy to probe the nanoparticle surface during 
the process of oligonucleotide photorelease. Nonlinear laser spectroscopies such as second 
harmonic generation (SHG) and sum frequency generation are powerful, noninvasive, surface-
sensitive techniques that are useful for the investigation of colloidal nanoparticles.28, 34-36 In SHG 
spectroscopy, two incident photons of frequency 𝜔 add coherently to generate a photon of 
frequency 2𝜔. SHG is dipole forbidden in bulk media with inversion symmetry, but it can be 
generated from the surface and interfaces of nanoparticles where the inversion symmetry is 
broken.37-39 The release of highly negatively charged miRNA from the surface of GNPs is an ideal 
candidate for SHG spectroscopy investigations. The SHG signal from this charged interface has 
two components given by the second-order susceptibility 𝜒(2), which is based on the two-photon 
spectroscopy, and the third-order susceptibility 𝜒(3), which is based on the electrostatic potential 
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from the nanoparticle surface.40-43 The SHG electric field 𝐸𝑆𝐻𝐺  is proportional to the square root 
of SHG signal and is given by 
 𝐸𝑆𝐻𝐺 =  𝜒
(2)𝐸𝜔𝐸𝜔 +  𝜒
(3)𝐸𝜔𝐸𝜔 Φ0      (3.1) 
where 𝐸𝜔 is the incident electric field of the fundamental laser at frequency 𝜔 and Φ0 is the 
electrostatic surface potential. The 𝜒(2) term can be sensitive to any chemical change on the 
nanoparticle surface that causes a spectroscopic change at either 𝜔 or 2𝜔. The 𝜒(3) term depends 
on the net polarization of bulk molecules in the solvent which are induced by the electric field of 
the nanoparticle surface.44, 45 
 
Figure 3.1. Schematic representation of the PC-miRNA-148b functionalized gold nanoparticle 
attached with fluorophore 6-TAMRA. The nitrobenzyl photocleaveable group, between the spacer 
linker and the oligonucleotide, absorbs UV radiation centered at 365 nm to release the miRNA 
from the surface of the gold nanoparticle. 
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In this study, we demonstrate the applicability of SHG spectroscopy to light-activated gene 
delivery by measuring the wavelength and power dependence of the kinetics associated with 
miRNA release from GNPs using nitrobenzyl photocleavable (PC) chemistry. The experimental 
setup uses a probe laser at 800 nm to generate SHG signals for real-time monitoring of the miRNA 
photorelease from the GNP surface. A second laser is used to induce the photocleaving under 
varying wavelengths and powers. GNPs of 68 nm diameter are functionalized by a synthetic 
miRNA-148b that has been thiolated and modified with an ultraviolet-active nitrobenzyl 
photocleavable group,14, 46 as shown schematically in Figure 3.1. SHG measurements as a function 
of irradiation time using different photocleaving laser wavelengths are conducted and compared 
to corresponding fluorescence quantification measurements and extinction spectra to investigate 
photocleaving efficiencies. Additionally, analysis of the photocleaving dynamics are monitored 
using time-dependent SHG measurements under different ultraviolet (UV) irradiation powers to 
better understand the kinetics of the photocleaving process.  
3.2 Synthesis and Characterization of Gold Nanoparticles 
The colloidal gold nanoparticle sample of 68 nm diameter is prepared using a seeded-
growth method where citrate is first used as a reducing agent and capping agent for the gold 
nanoparticle seeds followed by the addition of a stronger reducing agent, hydroquinone, to produce 
larger GNPs with low polydispersity. During the gold nanoparticle seed synthesis, 900 μL of 34 
mM sodium citrate is added to 30 mL of 290 μM gold chloride in ultrapure water under boiling 
conditions with vigorous stirring. The solution changes color to a bright red after 10 minutes and 
is then cooled to room temperature. In the second step, 150 μL of the seed solution is added to 2.9 
mM of gold chloride in 10 mL of ultrapure water, followed by the addition of 100 μL of 0.03 M 
hydroquinone and 22 μL of 34 mM sodium citrate. The solution is left to stir at room temperature  
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for 60 min to produce the 68 nm colloidal gold nanoparticles. 
The surface of the gold nanoparticles are functionalized with fluorophore-labeled miRNA 
via a ‘salt-ageing’ technique as described previously.14 Here, 2.5 µL of 0.8 µg/µL of the miRNA-
148b (PC-miR-148b) modified with the thiolated photocleavable nitrobenzyl group and labeled 
with a 6-TAMRA fluorophore group is added to 1 mL of the gold nanoparticles at a concentration 
of 8.25 x 109 nanoparticles/mL. The mixed samples are left to incubate for 24 h under gentle 
agitation conditions. Following the incubation period, 10 µL of 0.035 M sodium dodecyl sulfate 
(SDS) solution and 20 µL of 0.01 M phosphate buffer saline solution (PBS) solution are added to 
each sample. After an additional 3 h of incubation, a 10 µL solution of 2 M tris(hydroxymethyl) 
aminomethane (Tris) and 2 M NaCl  is added three times, with 3 h of incubation between each 
salting step. The miRNA-functionalized nanoparticles are purified via centrifugation three 
consecutive times at 7000 rpm for 20 min each. During the first two centrifugation cycles, the 
precipitate obtained from 1 mL of sample is resuspended in 1 mL of solution containing 0.035 M 
SDS, 0.1 M Tris, 0.103 M NaCl, and 0.0005 M disodium diphosphate, and finally in 1 mL of 
deionized water after the third centrifugation.  
The gold nanoparticles are characterized using transmission electron microscopy (TEM), 
dynamic light scattering, extinction spectroscopy, and zeta potential measurements. The average 
nanoparticle diameter is determined to be 68 ± 7 nm diameter from TEM measurements, with 
representative TEM images shown in Figure 3.2 (a). Figure 3.2 (b) shows TEM images of GNPs 
after functionalization with miRNA, where a very thin layer of approximately 2 nm in thickness 
is observed around the nanoparticles, showing the added functionalized miRNA. Figure 3.3 
displays the experimental extinction spectrum of the 68 nm GNPs in water (red line) with a 
localized surface plasmon peak centered on 543 nm, compared to the best fit from Mie theory 
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Figure 3.2. Representative TEM images of (a) gold nanoparticles and (b) gold nanoparticles 
functionalized with PC-miRNA-148b. 
Figure 3.3. Extinction spectrum of the 68 nm colloidal gold nanoparticle sample in water (red line) 
compared with the best fit from Mie theory (dotted black line).  
(dashed gray line) at a concentration of 8.25 × 109 nanoparticles/mL. Dynamic light scattering 
measurements determine the hydrodynamic diameter of the GNP sample to be 68 ± 15 nm, in 
agreement with the TEM and extinction spectroscopy results. The hydrodynamic diameter of the 
GNPs after functionalizing with miRNA increases to 140 ± 20 nm, due to the attached miRNA in  
solution.  
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The zeta potential of the colloidal GNP sample before and after functionalization with 
miRNA is obtained from electrophoretic mobility measurements using the Huckel 
approximation.47 The electrophoretic mobility for the GNPs and the GNPs functionalized with 
miRNA is shown in Figure 3.4. The electrophoretic mobility of GNPs is measured to be (−2.65 ± 
0.8) × 10−8 m2/Vs with a corresponding zeta potential −50 ± 17 mV. The electrophoretic mobility 
of miRNA-functionalized GNPs is measured to be (−3.98 ± 0.9) × 10−8 m2/Vs with a corresponding 
zeta potential −76 ± 18 mV, where the highly-charged miRNA attached to the surface in aqueous 
solution increases the negative zeta potential. 
 
Figure 3.4. Electrophoretic mobility plot of gold nanoparticles and miRNA-functionalized gold 
nanoparticles showing the measured averages (dashed and solid black lines, respectively) and 
corresponding standard deviations (red and blue areas, respectively). 
 
3.3 Experimental Setup 
The experimental setup for the second harmonic generation studies, shown schematically in 
Figure 3.5, is modified from a previously reported version.28, 45 The setup uses a titanium:sapphire 
oscillator laser, a titanium:sapphire amplifier laser, an optical parametric amplifier (OPA) laser, 
an optical setup, and a high-sensitivity CCD spectroscopy detector. The oscillator laser operates 
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at a center wavelength of 800 nm with 75 fs pulses at a repetition rate of 80 MHz and an average 
power of 2.5 W. A beamsplitter separates the oscillator laser beam into one path that is used as the 
probe laser for the SHG measurements and another path that is used to seed the amplifier.  
Figure 3.5. Experimental setup showing the UV beam (blue) and 800 nm probe (red) beam, which 
are focused to the colloidal nanoparticle sample in a 1 cm quartz cuvette, with the SHG signal 
detected using a spectroscopy CCD detector. 
 
A portion of the amplifier laser is sent through the OPA to generate the tunable UV or visible 
wavelengths with 100 fs pulses at a repetition rate of 10 kHz. The 800 nm probe laser beam for 
SHG measurements is attenuated to an average power of 790 mW and focused to the 1.5 mL 
colloidal sample, which is contained in a 1 cm by 1 cm quartz cuvette at a concentration of 8.25 
×109 nanoparticles/mL in water with the SHG collected in the forward direction. The wavelength-
tunable visible or UV beam for photoactivation is directed to the nanoparticle sample at 90° with 
respect to the 800 nm beam. The SHG from the nanoparticle sample is measured as a function of 
the UV laser irradiation time for investigating photocleaving reaction dynamics from the miRNA-
functionalized GNPs. A beam block opens and shuts on the photocleaving UV beam every 30 
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seconds in synchronization with an automated file-saving program so that the SHG can be 
measured in real time to monitor the photoactivated drug-delivery reaction. A variable neutral 
density filter is used to control the power of the UV laser. Automated stirring is initiated during 
the UV laser irradiation and is stopped when the UV laser is blocked for stable SHG measurements, 
which are collected at multiple 1 second acquisitions for statistical analysis. 
3.4 Results and Discussion 
The light-activated controlled release of oligonucleotides from the surface of gold 
nanoparticles is monitored in real time using second harmonic generation. Representative SHG 
spectra of the GNPs and the miRNA-functionalized GNPs are shown in Figure 3.6 (a) under the 
same 800 nm laser conditions and nanoparticle concentrations. The SHG peak is centered at 400 
nm with a full width half maximum of 4.5 nm. The slight rise in signal at longer wavelengths is 
due to the two-photon fluorescence from the GNPs. The larger SHG signal from the miRNA-
functionalized GNP sample compared to the GNP sample arises primarily as a consequence of the 
highly-charged miRNA leading to a higher electrostatic surface potential magnitude and a larger 
𝜒(3) term in equation (1), although some added contribution may also result from an increased 𝜒(2) 
term. The 6-TAMRA fluorophore label attached to the miRNA is chosen for corresponding 
fluorescence quantization measurements, while having minimal absorption at either 800 nm or 400 
nm, where no added fluorescence is observed in the SHG spectra so the fluorophore is expected to 
have negligible SHG contribution. Figure 3.6 (b) displays the SHG spectra of the miRNA-
functionalized GNPs exposed to different UV irradiation times of 0 s, 30 s, and 90 s using 365 nm 
at 85 mW. As the UV irradiation time increases, the SHG intensity decreases and asymptotically 
approaches a minimum value. The decrease in SHG intensity as a function of UV laser irradiation 
time is due to the change in the surface structure and surface charge leading to a change in the 
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corresponding 𝜒(2) and 𝜒(3) terms upon photocleaving. The change in the 𝜒(3) term is expected to 
be the dominant contribution to the change in the SHG signal due to the loss of the highly-charged 
miRNA upon photocleaving. 
Figure 3.6. (a) SHG spectrum of colloidal miRNA-functionalized gold nanoparticle sample 
compared with SHG spectrum of gold nanoparticles only. (b) SHG spectra of miRNA- 
functionalized colloidal gold nanoparticle sample after different UV irradiation times using 365 
nm with 85 mW average power. The probe laser is fixed at 800 nm.  
 
Figure 3.7 (a) displays results from control experiments which show the SHG signal from 
GNPs and miRNA-functionalized GNPs as a function of time. The SHG signal for the miRNA-
functionalized GNPs is shown to remain constant over time when using the 800 nm probe laser 
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only (blue data points). Additionally, the SHG signal from the GNPs is shown to remain constant 
over time when using both the 800 nm probe laser and the UV laser at 365 nm and 20 mW average 
power (black data points), while maintaining a much lower SHG signal than the miRNA-
functionalized GNPs. However, the SHG signal from the miRNA-functionalized GNPs decreases 
as a function of time and asymptotically approaches a minimum value when using both the 800 
nm probe laser and the UV laser at 365 nm and 20 mW average power (red data points) due to the 
photocleaving dynamics. The asymptotic minimum value of the miRNA-functionalized GNPs 
after UV irradiation is approximately equal to the SHG signal of the GNPs, indicating the miRNA-
functionalized GNPs has the roughly same SHG signal as the  GNPs after photocleaving is 
complete. This real-time monitoring of photocleaving dynamics is investigated under varying UV 
laser wavelengths and powers, and the photocleaving results are verified using extinction 
spectroscopy and fluorimetry measurements. 
Figure 3.7 (b) shows a wavelength-dependent study on the photocleaving dynamics of 
miRNA from the nanoparticle surface. When the sample is irradiated with the UV laser at 365 nm, 
which is on resonance with the PC linker, there is a fast decay of the SHG signal, corresponding 
to a fast rate of photocleaving and a large release of miRNA. The decay rate of the SHG signal 
decreases when the UV wavelength is off resonance compared to the PC linker, resulting in a 
slower rate of photocleaving and nucleotides release. The time-dependent SHG intensity under the 
UV irradiation wavelengths of 330 nm, 375 nm, and 415 nm results in slower rates of 
photocleaving in comparison to the 365 nm results, while irradiation at 500 nm and 300 nm does 
not produce any measurable photocleaving. The UV laser power is kept constant at 20 mW for 
direct comparison of the photocleaving rate at all of these wavelengths. 
In order to quantify the photocleaving dynamics, a simple model is described. SHG is 
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Figure 3.7. (a) The SHG signal remains constant in time for both the miRNA-functionalized GNPs 
using the 800 nm probe laser only (blue data) and the GNPs using the 800 nm probe and the UV 
laser at 365 nm (black data). The SHG decreases as a function of time when the miRNA-
functionalized GNPs are irradiated with the UV laser at 365 nm (red data).  (b) Time-dependent 
SHG measurements show the photocleaving dynamics of miRNA from the surface of gold 
nanoparticles using different UV and visible laser wavelengths at 20 mW average power.  
understood to be a coherent process from the surface of each individual colloidal nanoparticle, 
while the overall SHG signal is the incoherent sum of the SHG signal from each nanoparticle in 
the probe laser focus such that the SHG signal is linearly proportional to the nanoparticle 
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concentration.34, 38 Therefore, using the results from Figure 3.7 (a), the SHG electric field can be 
expressed using the equation 𝐸𝑆𝐻𝐺 = 𝐴 + 𝐵[𝐶], where 𝐴 is an offset that includes background 
signal and the SHG from GNPs, [𝐶] is the cumulative concentration of attached miRNA on the 
GNP surface, and 𝐵 is a proportionality constant. If we assume a single UV photon causes 
photocleaving from a single miRNA attached to the GNP surface with an associated equilibrium 
constant 𝑘, then the change in [𝐶] with respect to time 𝑑[𝐶] 𝑑𝑡⁄  is equal to −𝑘[𝐶][ℎ𝜈], where [ℎ𝜈] 
is the concentration or intensity of UV light. Under constant UV irradiation intensity, the time 
dependence of [𝐶] should follow an exponential decay given by [𝐶](𝑡) =  [𝐶]0𝑒
−𝑘′𝑡 where [𝐶]0 
is the initial concentration of attached miRNA on the GNP surface and 𝑘′ = 𝑘[ℎ𝜈]. Notice that the 
pseudo first-order rate constant 𝑘′ is linearly proportional to the UV light intensity. Under this 
simple model, assuming the photocleaving occurs through a one-photon process, the SHG electric 
field, which is proportional to the square root of the SHG signal, is expected to decay exponentially 
as a function of UV irradiation time, with a rate constant that is linearly proportional to the UV 
laser power.        
 In order the test the accuracy of this model, the kinetics of the photocleaving process for 
miRNA-functionalized GNPs are studied using different UV laser powers centered at 365 nm. The 
measured time-dependent SHG electric field from colloidal miRNA-functionalized GNP sample 
under varying UV laser powers is shown in Figure 3.8 (a). Each set of results are fit to a pseudo 
first-order exponential decay, as explained above, for UV laser powers of 35 mW, 45 mW, 55 
mW, 75 mW, and 85 mW, respectively, to obtain the rate constants 𝑘′ of (4.57 ± 0.4) × 10−3 S−1, 
(6.44 ± 0.4) × 10−3 S−1, (7.6 ± 0.8) × 10−3 S−1, (9.71 ± 0.6) × 10−3 S−1, and (11.2 ± 0.7) × 10−3 S−1, 
respectively. Figure 3.8 (b) displays these measured rate constants as a function of UV laser power. 
The linear best fit is given by a slope of (1.26 ± 0.07) × 10−4 S−1mW−1 and a y-intercept of is (4.7 
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± 4.5) × 10−4 S−1 and is in excellent agreement with the data, verifying that the photocleaving 
associated with the miRNA-functionalized GNPs is a one-photon process.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.8. (a) Measured SHG electric field from miRNA-functionalized GNPs as a function of 
irradiation time with 365 nm at different UV laser average powers with corresponding 
exponential fits. (b) The obtained rate constants are plotted as a function of UV laser power. The 
linear variation as a function of laser power indicates a one-photon process. 
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The laser-assisted controlled release of miRNA from the surface of GNPs is further analyzed using 
extinction spectroscopy measurements. Figure 3.9 shows a significant shift in plasmon peak of the 
GNPs from 543 nm to 553 nm after functionalization with nucleotides. The extinction spectra is 
blueshifted after UV laser irradiation of the sample compared to the original miRNA-
functionalized GNP sample. These results further indicate that the oligonucleotides are releasing 
from the surface of GNP upon the UV laser irradiation. Analysis of these  
Figure 3.9. The extinction spectra of colloidal miRNA-functionalized gold nanoparticles after 
irradiating at different UV laser wavelengths. The extinction spectrum of the miRNA- 
functionalized GNPs is redshifted with respect to the spectrum of GNPs only. After photocleavage 
with UV laser irradiation, all spectra are blueshifted compared to the miRNA-functionalized 
GNPs.  
measurements demonstrates that the extinction spectrum of colloidal GNPs closely matches the 
extinction spectrum of the miRNA functionalized GNP sample after irradiation at 20 mW of 365 
nm for 13 min, with the plasmon peak blueshifting back to 543 nm. At longer UV irradiation 
wavelengths of 375 nm and 390 nm, under 20 mW for 13 min there is less blueshifting in the 
extinction spectra compared to the miRNA-GNPs, going back to plasmon peaks of 545 nm and 
548 nm, respectively, indicating incomplete photocleaving of the miRNA from the gold 
nanoparticle surface. However, the extinction coefficients at 800 nm and 400 nm change only 
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slightly upon photocleaving, giving more evidence that the large change in the SHG signal is 
predominantly caused by the change in the electrostatic surface potential. 
The amount of miRNA released from the surface of the nanoparticles is quantified using 
fluorescence measurements. For comparison, the concentration of miRNA molecules on the 
surface of the GNPs are first quantified using fluorescent-plate readings after chemical detachment 
of the miRNA. A volume of 10 µL of 65 mM of dithiothreitol (DTT) is added to 1 mL of the gold 
nanoparticles to reduce the miRNA, followed by agitation and 20 min of incubation at 37 °C for 
complete chemical cleavage of the oligonucleotides. The samples are then centrifuged at 7000 rpm 
and three separate 100 uL aliquots of the supernatant are transferred to a 96-well plate for each 
sample. The concentration is then determined from a constructed standardized curve of the 6-
TAMRA fluoro group that is attached to the end of the miRNA.14 The oligonucleotide coverage 
for nanoparticles is determined to be 92 ± 21 oligo/nanoparticle, yielding a surface density of (6.30 
± 1.48) x 10-3 oligo/nm2. The fluorescent signal after DTT reduction and after irradiation with 20 
mW average power for the different laser wavelengths of 365 nm, 375 nm, 390 nm, and 500 nm, 
respectively, for 13 min is shown in Fig. 10. Photocleaving is shown to be most efficient at 365 
nm on resonance with the nitrobenyl group, in agreement with the time-dependent SHG 
measurements. The corresponding extinction spectroscopy and fluorimetry measurements all 
agree with the general description provided by the SHG results, demonstrating a consistent 
interpretation of the photoactivated controlled release of oligonucleotides from the gold 
nanoparticle surface. Future research will work to investigate the role of plasmon enchancement 
on the photocleaving kinetics and extend the photocleaving wavelength to near infrared energies 
for improved drug-delivery applications. 
 
49  
  
 
 
 
 
 
 
 
 
 
Figure 3.10.  Fluorescence measurements of the supernatants of the miRNA-functionalized GNPs 
after chemical reduction with DTT and after 13 min of irradiation using 20 mW of 365 nm, 375 
nm, 390 nm, and 500 nm wavelengths, respectively. 
 
3.5 Conclusion 
Second harmonic generation is used to monitor the photo-activated controlled release of 
miRNA from the surface of colloidal gold nanoparticles. The SHG signal is seen to significantly 
decrease as a function of UV laser irradiation time, with larger photocleaving rates occurring at 
higher UV laser powers on resonance with the nitrobenzyl linker, according to a single-photon 
photocleaving process. The photocleaving dynamics are in excellent agreement with a model using 
a pseudo first-order rate equation. Corresponding extinction spectroscopy shows a redshift in the 
plasmon resonance peak after functionalizing the GNPs with miRNA and a blueshift after 
illumination with the UV laser, supporting the interpretation from the time-dependent SHG results. 
Fluorescent measurements also indicate that the miRNA is completely removed following UV 
laser irradiation. These results demonstrate the successful application of sensitive real-time 
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measurements of photo-activated drug delivery using a model system of colloidal miRNA-
functionalized gold nanoparticles in water. 
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CHAPTER 4 
PLASMON-ENHANCED PHOTOCLEAVING DYNAMICS IN COLLOIDAL 
MICRORNA FUNCTIONALIZED SILVER NANOPARTICLES USING SECOND 
HARMONIC GENERATION* 
 
4.1 Introduction 
Short nucleic acids such as microRNA (miRNA) and small interfering RNA (siRNA) play 
a significant role in post-transcriptional gene regulation, silencing and profiling.1-3 These short 
RNA molecules are important in classifying and controlling tumor growth and cell differentiation, 
as well as other biological processes.4-6 In order to use miRNA or siRNA as a therapeutic, it is 
important that the oligonucleotides are protected before entering the bloodstream to avoid 
degradation.7-9 One approach for oligonucleotide protection involves modification with a 
bifunctional photolinker that connects to a colloidal metallic nanoparticle through a thiol bond.10,11 
Photocleaving of the photolinker then releases the active oligonucleotide from the nanoparticle 
surface, leading to the corresponding regulation of gene expression.12 Although similar systems 
have been developed for programmed release, light activation is especially desirable because it 
provides a high degree of spatial and temporal control of miRNA delivery.10,13 
Metallic nanoparticles such as gold nanoparticles (GNPs) and silver nanoparticles (SNPs) are 
promising for biological applications due to their biocompatibility, ease of synthesis, and 
convenient chemical functionalization with drug, oligonucleotide and protein molecules.14-16 Gold 
and silver nanoparticles have surface plasmon resonances characterized by the coherent 
 
*“Reprinted with permission from [Kumal, R. R.; Abu-Laban, M.; Landry, C. R.; Kruger, B.; 
Zhang, Z.; Hayes, D. J.; Haber, L. H. Langmuir 2016, 32, 10394-10401]. Copyright [2016] 
American Chemical Society.” 
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oscillation of free electrons upon interaction with incident light leading to the enhancement of 
optical scattering and absorption processes.17-21 These nanoparticles are also ideally suited for 
contrasting agents, cellular imaging and exothermic reactors.22,23 Additionally, silver nanoparticles 
have wound healing antimicrobial activities,24 demonstrate negligible cytotoxicities in small 
doses,25,26 and can be utilized for drug-delivery applications in photoactivated gene silencing.27,28 
Plasmonic release of oligonucleotides has been studied from the surface of colloidal gold 
nanoparticles.29-32 Previously, we have investigated the kinetics of photoactivated controlled-
release of miRNA from the surface of colloidal gold nanoparticles using time-resolved second 
harmonic generation (SHG).33  
Nonlinear optical spectroscopy is a powerful surface-sensitive method for probing 
phenomena in biology and nanotechnology.34-40 Second harmonic generation is a nonlinear 
spectroscopy that is especially useful for probing the surface of colloidal nanoparticles.41-49 In 
SHG, two incident photons of frequency 𝜔 combine to produce a photon of frequency 2𝜔 . Second 
harmonic generation is dipole forbidden in centrosymmetric bulk media but it can be generated 
from the colloidal nanoparticle surface where the inversion symmetry is broken. The SHG signal 
from a charged interface has contributions from the second-order and third-order nonlinear 
susceptibilities, 𝜒(2) and 𝜒(3), respectively. The 𝜒(2) term originates from the surface-specific two-
photon spectroscopy of the nanoparticle while the 𝜒(3) term depends upon the polarization of the 
bulk solvent molecules induced by the electric field of the nanoparticle surface. The SHG electric 
field 𝐸𝑆𝐻𝐺  is proportional to the square root of the intensity of the SHG signal, with
50-58 
𝐸𝑆𝐻𝐺 =  𝜒
(2)𝐸𝜔𝐸𝜔 +  𝜒
(3)𝐸𝜔𝐸𝜔𝜙0       (4.1) 
where 𝐸𝜔 is the electric field of the incident laser beam with frequency 𝜔 and 𝜙0 electrostatic 
surface potential of nanoparticle. 
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In this chapter, the efficiency of light-activated release of oligonucleotides from the surface 
of silver, gold and polystyrene nanoparticles are compared by using SHG spectroscopy. The size 
of the nanoparticles are all roughly 65 nm diameter and are functionalized with miRNA-148b and 
a nitrobenzyl PC linker. Additional information on the miRNA functionalization of the colloidal 
nanoparticles is described in Appendix 2. The functionalized nanoparticles are irradiated with 
varying laser powers and wavelengths and are simultaneously probed by SHG from 800 nm laser 
pulses to study the kinetics of the photocleaving process. The probe laser itself shows no 
photoreleasing effect on the sample. Careful analysis of the power and wavelength dependent data 
shows that the photolysis is a one-photon process. By comparing the releasing rates of 
oligonucleotides from three different nanoparticles, it is found that the photolysis is enhanced by 
the plasmon of the silver nanoparticle. The SHG studies at different laser powers and wavelengths 
are directly compared to corresponding fluorescence quantification measurements and extinction 
spectra for each sample and experimental condition.    
4.2 Synthesis and Characterization of Nanoparticles 
The colloidal silver nanoparticles are prepared in water by reduction of silver nitrate using 
citrate and ascorbic acid in the presence of potassium iodide,59 followed by miRNA 
functionalization. Briefly, an aqueous solution of 2.54 mL containing 5.91 mM silver nitrate, 13.4 
mM sodium citrate, and 1.54 μM potassium iodide is added to 47.5 mL of 210 μM ascorbic acid 
in nanopure water under boiling and vigorous stirring conditions. The solution is boiled for an hour 
during which the color changes from colorless to light yellow resulting in relatively monodisperse, 
spherical, colloidal silver nanoparticles. MiRNA is functionalized to the surface of nanoparticles 
via a ‘salt-ageing’ technique as described previously,10,33 where 2.5 µL of 0.8 µg/µL of miRNA 
(PC-miR-148b) labeled with a 6-TAMRA fluorophore group and modified with a thiolized 
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photocleaveable (PC) spacer is added to 1 mL of the silver nanoparticle solution. The samples are 
then left to incubate under gentle agitation conditions for a 24 h period. After incubation, 10 µL of 
0.035 M sodium dodecyl sulfate (SDS) solution and 20 µL of 0.01 M phosphate-buffered saline 
(PBS) solution are added to each sample of colloidal nanoparticles, followed by an additional 3 h 
of incubation. Afterwards, three rounds of the addition of 10 µL of 2 M Tris-sodium chloride 
solution with 4 h of incubation between each salting step is applied. The miRNA-functionalized 
nanoparticles are purified via centrifugation and finally resuspended in nanopure water. 
For the polystyrene sulfate nanoparticles (PSNPs), a thiol-amine cross-linker succinimidyl 
4-(N-maleimidomethyl) cyclohexane-1-carboxylate (SMCC) is used to functionalize the thiolated 
oligo to the nanoparticle surface.60 Here, 70 µL of 1 mg/mL SMCC in dimethyl sulfoxide solvent 
is added to 1 mL of the 1% amine-functionalized 60 ± 5 nm PSNPs aqueous solution. The SMCC 
PSNP mixture is allowed to rock overnight at room temperature, then is centrifuged and 
resuspended in nanopure water before adding the miRNA. The same procedure for the miRNA 
functionalization as described above is then followed for the PSNP sample.  
  The nanoparticles are characterized using dynamic light scattering (DLS), 
transmission electron microscopy (TEM), zeta potential, fluorimetry and extinction spectroscopy 
measurements. Representative TEM images of the silver nanoparticles before and after miRNA 
functionalization are shown in Figures 4.1 (a) and (b), respectively. From a survey of nanoparticle 
images, the average nanoparticle diameter is determined to be 65 ± 7.5 nm. Using dynamic light 
scattering, the hydrodynamic diameter of the SNPs before miRNA functionalization is measured 
to be 66 ± 18 nm, and the hydrodynamic diameter increases to 127 ± 25 nm after miRNA 
functionalization. Figure 4.2 shows the experimental extinction spectrum of the colloidal silver 
nanoparticles (red solid line) when compared with a Mie theory fit (black dotted line) using a 
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Figure 4.1. Representative TEM images of (a) silver nanoparticles having size 65 ± 7.5 nm and (b) 
miRNA-functionalized silver nanoparticles 
Figure 4.2. Extinction spectra of 65 ± 7.5 nm colloidal silver nanoparticles in water (red line) 
compared with Mie theory (dotted black line). 
concentration of 9.55 x 109 nanoparticles/mL. The localized surface plasmon peak for silver 
nanoparticles is observed at 424 nm. Figure 4.3 displays the electrophoretic mobility of 
nanoparticles before and after miRNA functionalization. The electrophoretic mobility of the SNPs 
is measured to be (−2.60 ± 0.53) x 10−8 m2/Vs with a corresponding zeta potential of −49.80 ± 
10.17 mV using Huckel’s approximation.33,61 The electrophoretic mobility of the miRNA-
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functionalized PSNPs is measured to be (−3.86 ± 0.60) x 10−8 m2/Vs with a corresponding zeta 
potential of −74.80 ± 11.40 mV.  
Figure 4.3. Electrophoretic mobility plot of silver nanoparticles before and after miRNA 
functionalization showing the measured averages (solid and dotted black lines, respectively) and 
corresponding standard deviations (red and green areas, respectively). 
 
4.3 Experimental Setup 
The controlled release of miRNAs from the surface of colloidal nanoparticles is performed 
using an experimental setup which has been previously described.39 Briefly, the experimental setup 
consists of an ultrafast laser system, an optical setup and a high sensitive charged-coupled device 
(CCD) detector connected to a monochromator. A Titanium:sapphire oscillator laser with 70 fs 
pulses centered at 800 nm at an 80 MHz repetition rate and an average power of 2.6 W is used. A 
portion of the oscillator beam passes through a beam splitter to seed the amplifier laser and the 
remaining portion is used for the SHG measurements. An amplified laser (75 fs, 800 nm, 10 kHz, 
7W) pumps an optical parametric amplifier (OPA) to generate the wavelength-tunable 
photocleaving irradiation beam with 100 fs pulses at a 10 kHz repetition rate. For SHG 
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measurements, the 800 nm probe laser from the oscillator is attenuated to an average power of 790 
mW before being focused to a 1 cm x 1 cm quartz cuvette containing the sample at a concentration 
of 8.3 x 109 nanoparticles/mL. The photocleaving irradiation beam at the desired wavelength and 
power is directed to the sample at 90° with respect to the SHG probe laser. The SHG from the 
nanoparticle sample is measured as of function of time using different photocleaving irradiation 
wavelengths and average powers. An integrated Labview program controls a magnetic stir bar and 
a beam block to open and shut every 30 s in synchronization with automated data acquisition for 
background-subtracted time-dependent SHG measurements. 
4.4 Results and Discussion 
The photocleaving controlled release of miRNA from the surface of silver nanoparticles 
and polystyrene nanoparticles are measured in real time using second harmonic generation. The 
obtained results are compared with our previous studies on miRNA-functionalized gold 
nanoparticles.33 Representative SHG spectra of SNPs and miRNA-functionalized SNPs are shown 
in Figure 4.4a. The SHG peak from the 800 nm probe laser is located at 400 nm, as expected, with 
full width half maximum of 4.5 nm. The small signal at longer wavelengths is due to the two-
photon fluorescence from the SNPs. The SHG signal intensity from miRNA-functionalized SNPs 
is approximately four times higher than the corresponding SHG signal from the SNPs using the 
same laser conditions and nanoparticle concentrations. The higher SHG signal in the miRNA-
functionalized SNPs is mainly attributed to the negatively-charged phosphate groups of the 
oligonucleotides which increase the surface charge density magnitude and the corresponding 
surface potential, resulting in a larger χ(3) term. This interpretation is consistent with previous work 
and with our earlier results on miRNA-functionalized GNPs.10,33,58,62 The 6-TAMRA fluorophore 
has negligible contribution to the SHG signal because it has negligible absorption near the 800 nm 
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probe and 400 nm SHG wavelengths. Figure 4.4b shows representative SHG spectra from the 
miRNA-functionalized SNPs at different UV-irradiation times of 0, 90 and 800 s using 365 nm 
irradiation with a 20 mW average power.  
Figure 4.4. (a) SHG spectra of the colloidal silver nanoparticles and the miRNA-functionalized 
silver nanoparticles. (b) SHG spectra of miRNA-functionalized colloidal silver nanoparticle 
sample after different UV irradiation times using 365 nm with 20 mW average power. The probe 
laser is fixed at 800 nm.  
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The decrease in SHG intensity under increasing UV-irradiation time is due to the photocleaving 
of miRNA from the colloidal SNP surface, resulting in a decrease of the nanoparticle surface 
charge density magnitude and a smaller χ(3) term.  
The results from control experiments are shown in Figure 4.5a where the variation of the 
SHG intensity as a function of the UV-irradiation time is displayed for the SNPs and the  
Figure 4.5. (a) For control experiments, the time-dependent SHG signal remains constant for both 
the miRNA-functionalized SNPs using the 800 nm probe laser only (blue data) and the SNPs using 
the 800 nm probe and the UV laser at 365 nm (black data). The SHG of the miRNA-functionalized 
SNPs decreases as a function of time under irradiation with the UV laser at 365 nm (red data). (b) 
Time-dependent SHG measurements of the miRNA-functionalized SNPs using different UV and 
visible laser wavelengths at 20 mW average power to determine the photocleaving dynamics. 
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miRNA-functionalized SNPs. The SHG signal from the miRNA-functionalized SNP sample 
remains constant over time using the 800 nm probe laser, indicating that no photocleaving occurs 
from the probe laser alone. Similarly, the SHG signal from the SNP sample remains constant over 
time when both the 800 nm probe laser and the UV laser at 365 nm with an average power of 20 
mW are used. However, the SHG intensity from the miRNA-functionalized SNP sample decreases 
and asymptotically reaches a minimum value when using both the probe laser and the UV laser. 
The minimum of the time-dependent SHG signal from the miRNA-functionalized under UV 
irradiation is equal to the corresponding signal of the SNPs, indicating complete photocleaving of 
oligonucleotides from the surface of nanoparticles. 
A wavelength-dependent study on the photocleaving process is shown in Figure 4.5b. The 
error bars are included in Figures 4.5a and 4.5b, but are mostly smaller than the data points. The 
irradiation laser wavelength is varied from 320 nm to 500 nm and time-dependence of the SHG 
signal is measured to determine the photocleaving rate under a constant average irradiation laser 
power of 20 mW. The fastest decay of the SHG signal is observed at 365 nm irradiation, in 
agreement with previous measurements on miRNA-functionalized gold nanoparticles,33  
indicating the photocleaving peak resonance. Relatively rapid photocleaving kinetics are also 
observed at irradiation wavelengths between 345 nm and 460 nm. Much slower photocleaving is 
observed using irradiation at 330 nm, while almost no photocleaving is observed with irradiation 
at 500 nm and 320 nm, which are far from the photocleaving resonance. 
The wavelength-dependent photocleaving rates in the plasmonic miRNA-functionalized 
SNPs are compared with corresponding measurements in the non-plasmonic miRNA-
functionalized polystyrene nanoparticles in order to determine the role of plasmonic enhancement 
of the photocleaving process. The time-dependent SHG signals from the miRNA-functionalized 
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PSNPs are shown in Figure 4.6 under varying irradiation wavelengths from 300 nm to 500 nm at 
20 mW. The photocleaving rates from the miRNA-functionalized PSNPs are lower than the 
corresponding photocleaving rates from the SNP sample. 
Figure 4.6. Time-dependent SHG signals showing the photocleaving of miRNA-functionalized 
polystyrene nanoparticles using different irradiation wavelengths. 
 
The photocleaving rate constants at different irradiation wavelengths are determined for 
the miRNA-functionalized SNPs and PSNPs by fitting the SHG data using a pseudo first-order 
exponential rate equation, as described previously.33 The SHG electric field can be described by 
the equation 𝐸𝑆𝐻𝐺 = 𝐴 + 𝐵 [𝐶],  where 𝐴 is an offset, 𝐵 is a proportionality constant and [𝐶] is 
the cumulative concentration of miRNA attached to the surface of nanoparticles. As noted earlier, 
the change in 𝐸𝑆𝐻𝐺  as a function of attached miRNA at the nanoparticle surface is attributed mainly 
to the surface charge density and the resulting χ(3) term.33,58,62 Under the UV irradiation-induced 
photocleaving, the attached miRNA concentration should exponentially decay in time 𝑡 according 
to the equation, [𝐶](𝑡) =  [𝐶]0 𝑒
−𝑘′𝑡, where [𝐶]0 is the initial concentration of miRNA attached 
to the nanoparticle surface and the pseudo first-order rate constant 𝑘′ is linearly proportional to  
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the UV laser intensity, assuming that the photocleaving is a single-photon process.  
The resulting rate constants for the miRNA-functionalized SNP and PSNP samples 
determined from the pseudo first-order fits are plotted as a function of the irradiation wavelength 
in Figure 4.7. Both miRNA-functionalized nanoparticles show a maximum rate of photocleaving 
at 365 nm due to the characteristic resonance peak of the photocleaving process. The miRNA-
functionalized SNPs show greatly enhanced photocleaving rate constants compared to the PSNPs 
over the irradiation wavelengths from 350 nm to 450 nm due to plasmon enhancement. The 
plasmon resonance of the SNPs cause enhanced optical fields near the nanoparticle surface leading 
to plasmon-enhanced photocleaving over the wavelength range of the SNP plasmon resonance, 
which directly overlaps with the photocleaving resonance of the nitrobenzyl linker. The PSNP 
sample has no associated plasmon resonance, so its rate constants are attributed to the nitrobenzyl 
linker alone. 
Figure 4.7. The photocleaving rate constants of the miRNA-functionalized SNPs and PSNPs at 
different irradiation wavelengths using 20 mW average power. 
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The power-dependent photocleaving of the miRNA-functionalized SNPs and PSNPs is also 
studied for additional insight. Figure 4.8a shows the SHG electric field from miRNA-
functionalized SNPs as a function of UV irradiation time using 365 nm at different UV laser 
powers. The rate constants from the miRNA-functionalized SNPs obtained at the laser powers of 
15, 25, 35, 45, 55 and 75 mW are (4.9 ± 0.1) x 10−3, (8.6 ± 0.2) x 10−3, (12.4 ± 0.6) x 10−3, (16.1 
± 0.3) x 10−3, (18.0 ± 0.2) x 10−3 and (26.3 ± 0.6) x 10−3 s−1 , respectively. Corresponding results 
from the miRNA-functionalized PSNPs are shown in Appendix 2. The photocleaving rate 
constants for the miRNA-functionalized SNPs and PSNPs are plotted as a function of the UV laser 
average powers in Figure 4.8b. The error bars are included in Figures 4.8a and 4.8b, but are mostly 
smaller than the data points. The previously obtained GNP data33 are included for direct 
comparison. The linear variation of the rate constants as a function of the UV laser power is 
consistent with a pseudo first-order kinetics model, indicating that the photocleaving is a one-
photon process for all nanoparticle samples investigated. The slopes obtained for miRNA-
functionalized SNPs and PSNPs are (3.48 ± 0.12) x 10−4 s−1 mW−1 and (5.45 ± 0.28) x 10−5 s−1 
mW−1, respectively, with corresponding y-intercepts of (1.3 ± 6.0) x 10−4 s−1 and (0.2 ± 1.4) x 10−4 
s−1, respectively. Here, the y-intercepts are equal to zero to within experimental uncertainty, in 
agreement with the observation that no photocleaving occurs without UV irradiation. The ratios of 
the slopes of the change in the rate constants under changing UV laser powers for the SNPs and 
GNPs compared to the PSNPs provide a direct method for determining the plasmon enhancement 
factors. Using this method, the plasmon enhancement factors for photocleaving in the SNPs and 
GNPs are 6.4 ± 0.4 and 2.3 ± 0.2, respectively. The SNP enhancement is much higher because its 
plasmon resonance directly overlaps with the photocleaving resonance wavelength of the 
nitrobenzyl linker. The GNP plasmon is centered near 540 nm and its extinction near 365 nm is 
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dominated by the electronic interband transition,45, 63 causing a decrease in the relative optical field 
enhancement. 
Figure 4.8. (a) Measured SHG electric field from miRNA-functionalized SNPs as a function of 
irradiation time with 365 nm at different UV laser average powers with corresponding exponential 
fits. (b) The photocleaving rate constants for the miRNA-functionalized SNPs and PSNPs under 
varying UV laser powers. The linear variation with laser power indicates a one-photon 
photocleaving process for all nanoparticle samples. Previous results from GNPs are included for 
comparison. 
 
  
(a) 
(b) 
10
9
8
7
6
5
4
E
S
H
G
 (
a
rb
. 
u
n
it
s
)
7006005004003002001000
Irradiation time (s)
15 mW
25 mW
35 mW
45 mW
55 mW
75 mW
25
20
15
10
5
0
R
a
te
 C
o
n
s
ta
n
t 
(s
–
1
x
 1
0
–
3
)
806040200
Laser Power (mW)
miRNA-SNPs
miRNA-GNPs
miRNA-PSNPs
68  
  
 Additional characterization measurements are performed to confirm the analysis obtained 
from the SHG results. Figure 4.9 shows the extinction spectra of the SNPs, the miRNA-
functionalized SNPs, and the miRNA-functionalized SNPs after laser irradiation with 330 nm, 365 
nm and 435 nm at an average power of 20 mW for 14 min. The plasmon peak of the SNP sample 
shifts from 424 nm to 435 nm after functionalization with miRNA due to the change in the 
dielectric constant at the nanoparticle surface. The plasmon peak of the miRNA-functionalized 
SNPs blue shifts back towards the SNP spectrum under UV laser irradiation. After 365 nm 
irradiation, the miRNA-functionalized SNPs plasmon spectrum closely matches the SNP 
spectrum, indicating complete photocleaving. The miRNA- functionalized SNP spectra deviate 
from the SNP after 330 nm and 435 nm irradiation, indicating incomplete photocleaving. 
Figure 4.9. Extinction spectra of the SNPs, the miRNA-functionalized SNPs, and the miRNA-
functionalized SNPs after laser irradiation with different wavelengths.  
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supernatants following laser irradiation or chemical reduction according to the procedure described 
previously.33 Figure 4.10 shows the fluorescent signal from the miRNA-functionalized SNPs after 
14 min irradiation with 20 mW average power for wavelengths ranging from 300 nm to 800 nm. 
These measurements are compared to the supernatants after the addition of dithiothreitol (DTT) 
for compete reduction and chemical detachment of the miRNA. Irradiation with 365 nm shows 
maximum photocleaving corresponding to complete release, to within experimental uncertainty. 
Irradiation at other wavelengths show partial photocleaving, with negligible photocleaving at 300 
nm and 800 nm, in agreement with the SHG measurements. The concentration of the SNPs is 
determined by inductively coupled plasma optical emission spectroscopy (ICP-OES). When 
combined with the fluorimetry measurements, the average oligonucleotide surface densities are 
determined to be (5.92 ± 0.76) x 10−3 and (6.18 ± 0.45) x 10−3 oligo/nm2 for the SNPs and PSNPs, 
respectively, corresponding to coverages of 79 ± 10 oligo/nanoparticle and 70 ± 5 
oligo/nanoparticle, respectively. 
Figure 4.10. Fluorescence measurements of miRNA-functionalized SNPs after DTT reduction and 
after using laser irradiation at different wavelengths varying from 300 nm to 800 nm. 
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4.5 Conclusion 
The photocleaving dynamics from model oligonucleotide therapeutic delivery systems are 
studied using time-dependent second harmonic generation measurements. The photocleaving rates 
from the surface of colloidal miRNA-functionalized silver nanoparticles and polystyrene 
nanoparticles in water are obtained using different laser irradiation wavelengths and powers. The 
photocleaving rate is a maximum using the irradiation wavelength of 365 nm, which is on 
resonance with the nitrobenzyl linker. A linear variation of the photocleaving rate constant under 
varying irradiation laser powers is observed, demonstrating that the associated kinetics are 
described by a one-photon process. The miRNA-functionalized silver nanoparticles show a 
plasmon enhancement factor of 6.4 ± 0.4 when compared to the photocleaving rates from 
corresponding measurements in the polystyrene nanoparticles. Electrophoretic mobility, extinction 
spectroscopy and fluorimetry measurements are used to verify the analysis of the SHG results, 
which are compared to previous investigations on gold nanoparticles. Second harmonic generation 
is shown to be a very sensitive nonlinear optical technique for investigating real-time plasmon-
enhanced photocleaving for potential drug-delivery systems. 
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    CHAPTER 5 
NEAR INFRARED PHOTOTHERMAL RELEASE OF MICRORNA FROM THE 
SURFACE OF COLLOIDAL GOLD-SILVER-GOLD CORE-SHELL-SHELL 
NANOPARTICLES STUDIED WITH SECOND HARMONIC GENERATION 
 
5.1 Introduction 
Plasmonic nanoparticles composed of gold and silver have been widely studied due to their 
potential applications in nanomedicine, catalysis, photovoltaics, and optoelectronics.1-10 These 
nanoparticles have unique properties including localized surface plasmon resonances, large surface 
area to volume ratios, low toxicities, excellent biocompatibilities, and control over surface 
functionalities.11-15 Localized surface plasmon resonances are coherent oscillations of free 
electrons excited by electromagnetic radiation that can vary under changing the size, shape, 
composition, and surrounding medium of nanoparticles.8, 16-18 Additionally, the surface chemistry 
and synthesis methods of gold and silver nanoparticles are advantageous for producing hybrid and 
bimetallic core-shell nanoparticles. Bimetallic core-shell nanoparticles have drawn special interest 
in the scientific community due to their altered optical and electrical properties as compared to the 
corresponding monometallic nanoparticles. Depending on the size and the ratio of the core and 
shell dimensions, the properties of the core-shell nanoparticles can therefore be tuned for desired 
plasmonic applications.19-20  
In our previous work, we investigated photocleaving kinetics of miRNA from the surface 
of gold and silver nanoparticles using second harmonic generation (SHG) spectroscopy.21-22 A 
nitobenzyl photocleavable linker was used to release the oligonucleotides from the surface of 
nanoparticle under ultraviolet (UV) irradiation. Plasmon enhanced photocleaving was observed in 
silver and gold nanoparticles with corresponding rate constants that were approximately six times 
and two times higher than in the non-plasmonic polystyrene sulfate nanoparticles, respectively. In 
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 order to extend photoactivated drug delivery to near-infrared (NIR) wavelengths that are better 
suited for the optical window of biological samples, novel gold-silver-gold core-shell-shell (CSS) 
nanoparticles are used in this current study. The plasmon peak of these core-shell-shell 
nanoparticle is in the NIR region and the plasmon peak can be controlled by changing the core and 
shell sizes.23 MiRNA is attached to the surface of CSS nanoparticle using a photothermal-cleavable 
linker made through the Diels-Alder reaction of furfuryl mercaptan with 6-maleimidohexanoic 
acid. Upon photothermal excitation in the NIR, miRNA is released through a retro Diels-Alder 
reaction above a local temperature of approximately 60 °C. The kinetics of the photothermal 
release in real time is monitored using second harmonic generation. The Scheme 1 shows the 
miRNA attached to a CSS nanoparticle using Diels-Alder chemistry. The fluorophore Alexa350 
is attached at the end of the miRNA for quantification measurements. 
Scheme 5.1. MicroRNA is attached to the surface of gold-silver-gold core-shell-shell nanoparticles 
using Diels-Alder chemistry. 
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Second harmonic generation is a powerful, noninvasive, surface sensitive technique that is 
useful for the investigation of colloidal nanoparticles.24-31 In SHG spectroscopy, two incident 
photons of frequency ω add coherently to generate a photon of frequency 2ω. This nonlinear 
optical process is dipole forbidden in bulk media with inversion symmetry, but SHG can be 
generated from the surface of nanoparticles where the inversion symmetry is broken. The second 
harmonic field (ESHG) is proportional to the square root of the SHG intensity, 
√𝐼𝑆𝐻𝐺  = ESHG = 𝜒
(2) Eω Eω + 𝜒(3) Eω Eω Ф(0)       (5.1) 
where, 𝜒(2) and 𝜒(3) are second and third order non-linear susceptibilities, respectively, Eω is the 
electric field of the incident laser having frequency ω, and Ф(0) is the electrostatic surface 
potential.  
5.2 Synthesis and Characterization 
Gold-silver-gold core-shell-shell nanoparticles are prepared using a procedure which has 
been described previously.23, 32 In the first step, gold nanoparticle seeds are synthesized by adding 
900 μL of 34 mM sodium citrate to 30 mL of 290 μM gold chloride in ultrapure water under boiling 
conditions and vigorous stirring. The solution changes color to a bright red after 10 min and the 
reaction is cooled the room temperature. For the growth of the silver shell, 200 µl of the gold 
nanoparticle seeds is added to 10 mL ultrapure water followed by the addition of 60 μL of 100 
mM ascorbic acid, 15 μL of 100 mM silver nitrate, and 75 μL of 100 mM sodium hydroxide. The 
obtained gold-silver core-shell nanoparticle is then centrifuged and resuspended in 10 mL 
ultrapure water. The outer gold shell is grown by the addition of 100 μL of 29 mM chloroauric 
acid, 100 μL of 0.03 M hydroquinone and 25 μL of 34 mM sodium citrate in 10 mL of gold-silver 
core-shell. The solution is allowed to stir at room temperature for another 1 hr. The obtained CSS 
nanoparticles are centrifuged and resuspended in 10 mL ultrapure water.  
79  
  
 
 
 
 
 
 
 
 
Figure 5.1. Representative TEM images of (a) gold nanoparticle seeds, (b) gold-silver core-shell 
nanoparticles, (c) gold-silver-gold core-shell-shell nanoparticles and (d) miRNA-functionalized 
gold-silver-gold core-shell-shell nanoparticles. Inset in Figure (d) shows the miRNA at the surface 
of nanoparticle.  
The gold-silver-gold core-shell-shell nanoparticles are characterized using extinction 
spectroscopy and transmission electron microscopy (TEM). Figures 5.1 (a), (b), and (c) show 
representative TEM images of gold nanoparticle seeds (18 ± 1 nm), gold-silver core-shell (60 ± 7 
nm), and gold-silver-gold core-shell-shell (120 ± 15 nm) nanoparticles, respectively. Figure 5.1 
(d) shows the TEM images of CSS nanoparticle functionalized with miRNA. The inset of Figure 
5.1 (d) shows a higher magnification for the CSS nanoparticle surface.  Plasmon peaks of the 
nanoparticles are blue shifted upon the formation of the core-shell structure and are red shifted 
upon the formation of the core-shell-shell structure, as shown in Figure 5.2. The plasmon peak of 
the gold nanoparticle (GNP) seeds, the gold-silver core-shell (CS) nanoparticles, and the CSS are 
centered at 524 nm, 420 nm, and 745 nm, respectively. 
100 nm (a) (b) 
     500 nm (c) 
100 nm 
(d) 
     500 nm 
50 nm 
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Figure 5.2. Extinction spectra of gold nanoparticle seeds (green line), gold-silver core-shell 
nanoparticles (blue line), and gold-silver-gold core-shell-shell nanoparticles (red line). 
5.3 Experimental Setup 
The experimental setup for monitoring the photothermal release of miRNA from the 
surface of colloidal CSS nanoparticles using SHG has been described previously.21-22 A 
Ti:sapphire oscillator laser centered at 800 nm with a 70 fs pulse duration, 80 MHz repetition rate, 
and 2.6 W average output power is used. A portion of the oscillator laser beam passes through a 
beam splitter to seed the amplifier laser. The amplifier produces a laser beam centered at 800 nm 
with a 75 fs pulse duration, a 10 kHz repetition rate, and a 7 W average output power. The amplifier 
laser is used to irradiate the CSS nanoparticle sample to induce the photothermal cleaving of the 
miRNA while the remaining portion of the oscillator laser is used to monitor the photothermal 
cleaving kinetics in real time using SHG spectroscopy. A computer controlled beam block is used 
to block the amplifier irradiation beam while taking SHG signal with the oscillator laser. For the 
SHG measurements, the oscillator laser power is attenuated to a constant value of 300 mW in order 
to minimize photothermal release from the CSS surface while probing the kinetics. A quartz 
cuvette of 1 cm × 1 cm is used to contain 2 mL of the CSS sample. The amplifier laser power is 
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varied and the photothermal cleaving kinetics are monitored as a function irradiation time and 
power. 
5.4 Result and Discussion 
The photothermal release of miRNA from the surface of gold-silver-gold core-shell-shell 
nanoparticles is studied in real time using SHG spectroscopy. Representative SHG spectra of 
miRNA-functionalized CSS nanoparticles at different NIR irradiation times of 0 min, 1.5 min, and 
5 min are shown in Figure 5.3. The SHG signal from the miRNA-functionalized CSS sample 
decreases with time under NIR irradiation due to photothermal release of miRNA from the 
nanoparticle surface. Oligonucleotides attached to the surface of the nanoparticles cause increased 
SHG signal due to their high surface charge density through the χ(3) effect.21-22 The SHG signal is 
centered at 400 nm with full width half maximum of 4.5 nm. The rise in SHG intensity at longer 
wavelength is attributed to two-photon fluorescence taking place in the nanoparticle. 
Figure 5.3. Representative SHG spectra of miRNA-functionalized CSS nanoparticles at different 
NIR irradiation times. 
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Figure 5.4. (a) SHG intensity of the miRNA-functionalized CSS nanoparticles as a function of 
time under varying NIR irradiation powers. (b) The obtained photothermal cleaving rate constants 
as a function of laser power.  
Figure 5.4 (a) shows the power dependent analysis of the photothermal release of miRNA 
from the surface of CSS nanoparticle. The sample is irradiated with different laser powers of 0 
mW, 12 mW, 30 mW, 50 mW, 100 mW, and 200 mW centered at 800 nm using the amplifier 
laser. The change in SHG intensity with time for miRNA-functionalized CSS nanoparticles is due 
to the photothermal release of miRNA from the interface. The time profile using no NIR irradiation 
from the amplifier laser (0 mW) shows only a slight decrease in SHG intensity of approximately  
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1% over time which is attributed to a small amount of photothermal cleaving by the oscillator 
probe laser. The kinetics of the photothermal release of miRNA under NIR irradiation is further 
analyzed by fitting the SHG time traces using a pseudo first-order exponential equation given by 
𝐸𝑆𝐻𝐺 = 𝐴 + 𝐵 𝑒
−𝑘𝑡, where 𝐴 and  𝐵 are constants.21-22 The obtained rate constants 𝑘 are (0.48 ± 
0.03) × 10─2 s─1, (0.78 ± 0.06) × 10─2 s─1, (1.08 ± 0.04) × 10─2 s─1, (1.41 ± 0.10) × 10─2 s─1, (1.99 
± 0.09) × 10─2 s─1 and (4.42 ± 0.21) × 10─2 s─1 for 12 mW, 30 mW, 50 mW, 100 mW, and 200 
mW irradiation laser powers, respectively. The obtained rate constants are plotted as a function of 
laser power, as shown in Figure 5.4 (b). 
Figure 5.5. Control experiments showing the time-dependent SHG signal for CSS 
nanoparticlesusing 300 mW 800 nm probe laser only (gray data) and miRNA-functionalized CSS 
nanoparticles using both 300 mW 800 nm probe laser and 200 mW 800 pump laser (red data). 
 
The thermal release of miRNA from the surface of colloidal CSS nanoparticles is also 
studied using SHG spectroscopy. The thermal treatment consists of placing 2 mL of the miRNA-
functionalized CSS sample in a quartz cuvette wrapped by electrical heating tape. The sample is 
allowed to run for 8 min under slow stirring for each measurement using temperatures of 25 °C, 
40 °C, 60 °C, and 80 °C while measuring the SHG signal as a function of time. Thermal release of 
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miRNA from the surface of CSS nanoparticle is shown in Figure 5.6. There is no thermal release 
of miRNA at 25 °C and 40 °C indicating that the oligonucleotides do not release at room 
temperature or normal body temperature. The rate of photothermal release is apparent at 
temperatures of 60 °C and 80 °C with faster thermal cleaving rates at the higher temperature of 80 
°C. 
Figure 5.6. SHG intensity as a function of time from the miRNA-functionalized CSS nanoparticles 
showing the thermal release of miRNA from the nanoparticle surface under different temperatures. 
  The amount of miRNA released from the surface of CSS nanoparticle is quantified 
using fluorescence measurements with the results shown in Figure 5.7. The procedure for miRNA 
fluorescence quantification has been described previously.21-22 The nanoparticle samples are 
centrifuged and the amount of remaining miRNA in the supernatant is quantified from a 
fluorescence calibration curve. The amount of miRNA released from the surface of CSS and GNPs 
are comparable when performing chemical reduction using dithiothreitol (DTT), which completely 
cleaves the miRNA from the nanoparticle surface. This indicates that both the CSS and GNP 
samples originally have comparable amounts of attached miRNA. However, the amount of 
miRNA released from the surface of miRNA-functionalized CSS nanoparticles is significantly 
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higher than the amount released from the GNPs under NIR irradiation.  The CSS nanoparticles 
show complete cleaving using NIR irradiation powers of 12 mW, 30 mW, 50 mW, 100 mW, and 
200 mW, respectively, to within experimental uncertainty for 8 min. Much lower miRNA release 
is observed for the GNP sample at these NIR powers, with increasing release concentrations under 
increasing NIR powers. These results further demonstrate the dramatically improved photothermal 
efficiencies and corresponding photothermal cleaving efficiencies of the miRNA-functionalized 
CSS nanoparticles compared to the miRNA-functionalized gold nanoparticles. 
Figure 5.7. Fluorescence signals of miRNA-functionalized CSS (blue) and miRNA-functionalized 
GNP samples after DTT reduction and after NIR laser irradiations at various powers. 
5.5 Conclusion 
The NIR photothermal cleaving kinetics of miRNA functionalized to the surface of gold-
silver-gold core-shell-shell nanoparticles are studied using time dependent second harmonic 
generation spectroscopy. The core and shell sizes are optimized for a maximum plasmonic peak 
in the NIR region, as verified by extinction spectroscopy and TEM measurements. The miRNA is 
attached to the CSS surface by a thermal-cleavable linker prepared by Diels Alder chemistry. The 
measured photothermal cleaving rate constants vary linearly with NIR irradiation power. 
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Additionally, fluorescence quantification of the amount of miRNA release shows that the 
photothermal cleaving efficiency is significantly higher for the CSS nanoparticles compared to 
gold nanoparticles prepared under similar conditions. These results demonstrate that gold-silver-
gold core-shell-shell nanoparticles with photothermal cleaving linkers can be successfully utilized 
for targeted drug-delivery applications using near infrared irradiation in the optical window of 
biological tissue. 
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CHAPTER 6 
IMPACTS OF SALT, BUFFER, AND LIPID NATURE ON MOLECULAR 
ADSORPTION AND TRANSPORT IN LIPID BILAYER AS OBSERVED BY 
SECOND HARMONIC GENERATION*  
 
6.1 Introduction 
Living cell activities depend critically on cell interactions with the surrounding 
environment through the transport of biomolecules and contents exchange between intracellular 
and extracellular fluids via the plasma membrane interface, which is composed of lipid bilayers 
and membrane proteins.1-3 Active transport across the plasma membrane requires energy for 
moving molecules from low concentration regions to high concentration regions as a result of the 
aid provided by membrane proteins, while passive transport involves molecular flux arising mainly 
from concentration gradients.4-9 In this regard, most drugs and chemotherapeutic agents enter cells 
by passive transport through the cellular membrane.10-15 Thus, the translocation of such molecules 
in a contacting solution across the cellular membrane is characterized by events that include 
molecular adsorption, partitioning, and diffusion, wherein the partition coefficient is indicative of 
molecule solubility in the hydrophobic lipid bilayer region, and the diffusion coefficient is 
representative of the rate of molecular transfer in the membrane.16-18 The rich variety of lipid 
species in the membrane undergo different chemical interactions with molecules and ions, which 
are ultimately attributed to processes such as protein organization,19, 20 membrane fusion,7 and 
cellular signal communication.19 Liposomes—small spherical vesicles whose bilayers are 
composed of phospholipids—can be considered as models of cell membranes that are useful for 
fundamental investigations of molecular interactions with lipid bilayers in aqueous millieu.21  
*“Reprinted with permission from [Kumal, R. R.; Nguyenhuu, H.; Winter, J.; McCarley, R.; 
Haber, L. H. J. Phys. Chem. C 2017, 121, 15851-15860]. Copyright [2017] American Chemical 
Society.” 
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Additionally, liposomes are widely utilized for drug delivery applications.17, 21 Therefore, 
obtaining information regarding time-resolved molecular transport kinetics of small molecules in 
liposomal models, as a function of lipid nature (composition) and environment (electrolyte nature 
and concentration) is important to establish a basic understanding of factors influencing drug 
uptake and intrinsic molecular interactions involved at cell membrane interfaces.  
Second harmonic generation (SHG) is a versatile surface-sensitive technique for probing 
various interfacial phenomena, such as molecular transport in living cells,22-24 molecular 
adsorption,25-29 surface charge densities,30-32 and interfacial dynamics of micrometer- to 
nanometer-sized colloidal particles.33-39 SHG is a two-photon process wherein two photons of 
frequency ω are added coherently in phase to generate a third photon of frequency 2ω. While SHG 
is a dipole and symmetry forbidden process in isotropic media, such as randomly-oriented 
molecules in solution, it can be generated from the surface of nanoparticles and liposomes where 
the symmetry is broken. This makes SHG a non-invasive, highly surface-sensitive spectroscopic 
technique that is well suited for investigating molecular adsorption and real-time molecular 
transport kinetics in liposome samples in solution.32-33, 38-39  
The second harmonic response from an interface is induced by the second-order 
polarization under an applied optical electric field 𝐸𝜔 characterized by the second-order and third-
order nonlinear susceptibilities, 𝜒(2) and 𝜒(3), respectively. The total second harmonic electric 
field 𝐸𝑆𝐻𝐺  is a coherent process given by the equation,
38, 40-46  
𝐸𝑆𝐻𝐺 = √𝐼𝑆𝐻𝐺 = 𝜒
(2)𝐸𝜔𝐸𝜔 +  𝜒
(3)𝐸𝜔𝐸𝜔𝜙0      (6.1) 
where 𝐼𝑆𝐻𝐺  is the SHG intensity and 𝜙0 is the interfacial electrostatic potential arising from a static 
electric field.  The 𝜒(2) susceptibility tensor comes about from the second-order 
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hyperpolarizability of the colloidal nanoparticle and each molecule at the nanoparticle interface in 
the presence of the optical electric field 𝐸𝜔, including both electric dipole and quadruple terms.
44, 
47 The genesis of the 𝜒(3) susceptibility tensor is the third-order hyperpolarizability of water 
molecules that are partially aligned by the static electric field at the nanoparticle surface. SHG 
from spherical, centrosymmetric colloidal nanoparticles can be observed even for sizes much 
smaller than the wavelength of light due to the phase shift of the SHG fields on opposite sides of 
the nanoparticle.38, 44, 47-48 The SHG signal from a colloidal sample is then an incoherent sum of 
second harmonic contributions from each colloidal nanoparticle.49-51 For membrane systems, such 
as liposomes having a bilayer thickness of about 5 nm, dye molecules adsorbed at the outer 
membrane/water interface and the inner membrane/water interface generate approximately equal 
and opposite second order polarizations.52 The SHG electric field signals from the two populations 
of dye molecules across the membrane are therefore out of phase, and the measured net SHG signal 
is approximately proportional to the difference in the inner and outer populations of the adsorbed 
dye molecules.53-56 
Here, we demonstrate the use of time-resolved SHG to study molecular adsorption and 
transport of cationic dyes in phospholipid bilayers of liposomes prepared in aqueous media. The 
adsorption and transport of dye molecules are monitored in real time for dioleoylphosphatidyl-
glycerol (DOPG), dioleoylphosphoserine (DOPS), tri-methyl quinone dioleoylphospho- 
ethanolamine (QPADOPE), and dioleoylphosphocholine (DOPC) liposomes under various buffer 
and salt conditions. Key insight toward understanding basic ion-transport phenomena in liposome-
based, drug-delivery processes is provided by investigations of the interactions and transport of 
cationic, drug-like molecules, such as malachite green (MG) and methyl green (MetG) that possess 
aromatic and ammonium functionalities, using charged and neutral lipid bilayers. Use of these 
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small-molecule organic dyes offers enhanced SHG signals because they absorb near 400 nm, 
which is on resonance with the SHG frequency, and have large 𝜒(2) susceptibilities when adsorbed 
to a colloidal surface.25 By carefully monitoring the time-dependent SHG signal in different 
liposome samples after the addition of these molecular dyes under varying concentrations and 
solution conditions, the quantitative properties of adsorption and transport are determined to better 
understand fundamental molecular and ionic interactions at the liposome interface for advancing 
potential drug-delivery applications.  
6.2 Synthesis and Characterization 
The liposome samples are prepared by an extrusion method, as described previously.57-58 
Approximately 3–5 mg of dry lipid is dissolved in dichloromethane in a glass ground joint test 
tube. The solvent is removed via rotary evaporation so as to produce a lipid film on the interior of 
the test tube, which is then placed overnight under high vacuum. The dried thin film of lipid is 
hydrated by addition of 1 mL of the desired buffer. After 2 hours, the vessel is agitated by six 
freeze-thaw cycles. An Avanti mini-extruder (Avanti Polar Lipids) equipped with a 200-nm pore 
track-etched polycarbonate membrane is used to control the size distribution of the vesicles. The 
quinone phospholipid (QPADOPE) is synthesized by coupling the N-hydroxysuccinimide ester of 
the quinone acid with the amine group of DOPE.57 The molecular structures of DOPG, DOPS, 
MG and MetG are shown in Figure 6.1, and those of QPADOPE and DOPC are provided in the 
Appendix 3. The lipid concentration is determined using a Bartlett assay, as described in the 
Appendix 3.  
Liposome nanoparticles are characterized using dynamic light scattering (DLS) and zeta 
potential measurements. The average hydrodynamic diameter of the liposomes is measured to be 
154 ± 35 nm with a polydispersity index of ≤ 0.07 for all samples. Representative DLS size 
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distributions are shown in Figure A3.2. The zeta potentials of different liposomes at different 
buffer compositions are summarized in Table 6.1. Citrate buffers of four different compositions at 
pH 4.0 are used corresponding to (A) 5 mM citrate with 0 mM KCl, (B) 50 mM citrate with 0 mM 
KCl, (C) 5 mM citrate with 100 mM KCl, and (D) 50 mM citrate with 100 mM KCl. The zeta 
potentials of liposomes in the absence of KCl are more negative than the corresponding zeta 
potentials in the presence of KCl due to ionic screening. The zeta potential of DOPG and DOPS 
in the absence of KCl (Buffer A and B) is nearly the same whereas, in presence of KCl, the zeta 
potential of DOPG is slightly more negative than that of DOPS, indicating that there are different 
amounts of potassium cation and chloride anion adsorption at the surfaces of these liposomes. 
Similarly, the zeta potential of QPADOPE liposomes is comparable to that of DOPG and DOPS,  
 
Figure 6.1. Molecular structures of (a) DOPG, (b) DOPS, (c) malachite green (MG), and (d) 
methyl green (MetG).  
(a) 
(b) 
(c) (d) 
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but DOPC is found to have a significantly lower zeta potential due to its neutral zwitterionic 
structure. The measured osmotic pressure and conductivity of the buffer solutions are also shown 
in Table 6.1.  
Table 6.1. Conductivities and osmotic pressures of buffer solutions and the corresponding zeta 
potentials of different liposome samples. 
Buffer A is 5 mM citrate and 0 mM KCl; B is 50 mM citrate and 0 mM KCl; C is 5 mM citrate 
and 100 mM KCl; and D is 50 mM citrate and 100 mM KCl. pH is 4.0 for all buffers. 
6.3 Second Harmonic Generation Setup 
The experimental setup for the second harmonic generation experiment has been reported 
previously.30 Briefly, the setup consists of an ultrafast laser system, an optical setup, and a high 
sensitivity spectroscopy charge-coupled device (CCD) detector connected to a monochromator. A 
Ti:sapphire oscillator laser is used and has its output centered at 800 nm with 75 fs pulses at a 
repetition rate of 80 MHz and an average power of 2.6 W. The laser beam is attenuated to an 
average power of 1.0 W and is focused onto the sample in a 1-cm quartz cuvette. A bandpass filter 
is used after the sample to remove the fundamental wavelength, and the SHG signal is acquired in 
the forward direction. Multiple background-subtracted SHG spectra using 1 s acquisition times are 
collected as a function of time. A computer-controlled beam block is used to interrupt the beam to 
obtain background spectra and unblock the beam for the SHG spectra, with data collected using 
an automated file saving program. For each run, 10 SHG spectra and 5 background spectra are 
        
Buffer 
Conductivity 
(mS/cm) 
Osmotic 
pressure  
(mmol/kg) 
                       Zeta potential (mV) 
DOPG DOPS QPADOPE DOPC 
A 0.66 ± 0.01 35 ± 2 -73.2 ± 1.1 -74.8 ± 1.7 -67.3 ± 1.5 -21.7± 2.3 
B 5.57 ± 0.76 93 ± 3 -75.9 ± 2.6 -73.3 ± 3.5 -59.0 ± 2.3 -7.6 ± 1.1 
C 13.4 ± 0.38 168 ± 3 -57.6 ± 2.9 -49.6 ± 2.9 -51.4 ± 3.8 -5.61 ± 0.2 
D 17.5 ± 0.67 250 ± 4 -50.4 ± 3.0 -43.7 ± 1.1 -52.0 ± 1.9 -5.8 ± 0.2 
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acquired, and the average background spectrum is subtracted from the average SHG spectrum to 
get the background-subtracted spectrum as a function of time. 
6.4 Results and Discussion       
Background-subtracted SHG spectra of 50 M DOPG liposomes in 5 mM citrate buffer 
before and after the addition of 15 M MG are shown in Figure 6.2 (a). The SHG spectrum of 
these liposomes alone in 5 mM citrate buffer is shown to have a very small intensity at 400 nm, 
which is comparable to the corresponding signal from water or buffer, alone. Addition of MG 
increases the SHG signal significantly due to MG adsorption to the liposome surface, with a 
corresponding increase in the 𝜒(2) term. The SHG signal is enhanced by approximately 2.5 times 
compared to the signal from the MG alone under these conditions. For all cases, the SHG spectra 
are centered at 400 nm and have a full-width-at-half-maximum of 4.5 nm, when the incident energy 
of the laser is kept constant, centered at 800 nm. The SHG signal from free MG alone in buffer is 
due to hyper-Rayleigh scattering.44, 59 The SHG spectra showing the change in SHG intensity as a 
function of time from 15 M MG in 50 M DOPG liposomes in 5 mM citrate buffer at 0 s, 20 s, 
40 s, 140 s, and 200 s after MG addition are displayed in Figure 6.2 (b). The decrease in SHG 
signal as a function of time is caused by the transport of dye molecules through the liposome 
bilayer, which results in a scenario wherein the SHG fields of the oppositely oriented dye 
molecules on the inside and outside of the liposome increasingly cancel out each other.23, 53, 56 
The transport kinetics of MG for DOPG and DOPS liposomes in citrate buffer at pH 4.0 
are studied under various buffer conditions using SHG measurements. Citrate buffers A–D of the 
four different compositions described in Table 1 are used. The SHG time profiles of MG in DOPG 
and DOPS liposomes in the corresponding buffers are shown in Figures 6.3 and 6.4, respectively. 
The SHG intensities are all normalized with respect to DOPG liposomes upon addition of 15 M 
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MG in buffer A for direct comparison. Interestingly, upon addition of MG to the liposome samples, 
the SHG signal is larger under lower concentrations of citrate and KCl in the buffer. This may be  
 
 
 
 
 
 
 
 
 
 
 
Figure 6.2. (a) SHG spectra of 150-nm diameter DOPG liposomes (50 M lipid) in the presence 
of 0 M and 15 M malachite green (MG) compared to the SHG spectrum for 15 M MG alone. 
(b) SHG spectra of 150-nm diameter DOPG (50 M lipid) in 5 mM (pH 4.0) citrate buffer (no 
KCl) after the addition of 15 M MG at various times.  
caused by the formation of ion-pair complexes of anions in the buffer with the MG cation and subsequent 
changes in the distribution of MG orientation at the liposome surface.55 Additionally, the added citrate 
and KCl may reduce the SHG intensity by lowering the χ(3) term, due to ion screening of the 
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electrostatic surface potential.41, 60 For both DOPG and DOPS liposomes, the SHG signals upon 
addition of MG are largest in buffer A and lowest in buffer D, consistent with the general trend 
that larger citrate and KCl concentrations decrease the SHG signal from the liposome surface with 
adsorbed MG. Furthermore, the SHG intensities of DOPS liposomes with added MG 
concentrations in buffer A are significantly larger than the DOPG liposomes under the same MG 
and buffer conditions. On the other hand, the SHG signals from DOPG and DOPS under 
corresponding MG concentrations are of comparable intensities in buffers B, C, and D. This 
suggests that MG interactions with liposome surfaces are significantly different in DOPG 
compared to DOPS, especially under low electrolyte and buffer concentrations. The SHG results 
are analyzed in more detail by comparing the time-dependent SHG signals of the different 
liposome samples in the varying buffer conditions to better understand the molecular interactions 
with the liposome surface, the transport of the molecular dye through the liposome bilayer, and 
the more complicated nature of the electrostatic ion-ion interactions at the liposome surface in 
aqueous colloidal suspension.  
To study the molecular transport of MG through the liposome bilayer membranes under 
the different buffer conditions, the experimentally obtained SHG electric fields are fit to single 
exponential functions given by 
𝐸𝑆𝐻𝐺(𝑡) =  𝑎0 +  𝑎1 𝑒
−𝑡/𝜏        (6.2) 
where, 𝑎0 and 𝑎1 are proportionality constants, 𝑡 is the experimental time after MG addition, and 
𝜏 is the measured transport time. The best fits are squared and plotted as SHG intensity in Figures 
6.3 and 6.4 as solid lines for each corresponding MG concentration. The R2-values for these fits 
are shown in Table A3.2. The obtained MG transport times for DOPG liposomes in different buffer 
solutions are plotted as a function of MG concentration in Figure 6.5 (a), where the transport time 
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is observed to gradually decrease with increasing dye concentration under all buffer conditions. 
All error bars from fits correspond to standard deviations. The transport rate, 1/𝜏, shows a general 
linear dependence on MG concentration in DOPG, as shown in Figure A3.3 (a), in agreement with 
previous studies.52, 55 The rate of transport of MG through the lipid bilayer is highest in buffer A, 
lower in buffers B and C, and lowest in buffer D. This trend can be explained by the formation of 
ion pairs between MG and either chloride or the citrate, as shown previously.55 The MG transport 
times for DOPS liposomes as a function of MG concentration in various buffers are shown in 
Figure 6.5 (b). The transport times for DOPS are significantly different than those of DOPG, with 
much less overall variation and no clear linear trend as a function of MG concentration, the latter 
possibly indicating different molecular and ion interactions at the DOPS liposome surface. In 
DOPS, the transport times are generally faster in 50 mM citrate than in 5 mM citrate, which is 
 
Figure 6.3. SHG time profiles of DOPG liposomes (50 M lipid) with various MG concentrations 
in aqueous (pH 4.0) buffer solutions composed of (a) 5 mM citrate and 0 mM KCl, (b) 50 mM 
citrate and 0 KCl, (c) 5 mM citrate and 100 mM KCl, and (d) 50 mM citrate and 100 mM KCl. 
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opposite to the trend observed for DOPG. Additionally, the transport times are shorter with added 
KCl at low MG concentrations, but are longer with added KCl at high MG concentrations. The 
transport rate constant for DOPS liposomes as a function of MG concentration are shown in Figure 
A3.3 (b). In DOPS, where the transport rate constant is generally more constant as a function of 
MG concentration, the transport proceeds in accordance with Fick’s law due to the concentration 
gradient across the membrane.61 In DOPG, where the transport rate constant depends linearly with 
increased MG concentration, and faster transport occurs under lower ionic strength, MG transport 
is influenced more by ion-pair formation, in agreement with previous work;52, 55 it may also be 
influenced more by electrodiffusion where the transport rate depends on the electrostatic potential 
across the membrane.62 The transport times of various MG concentrations through DOPG and 
DOPS liposomes in different buffer solutions are also tabulated in Table A3.1 in the Appendix. 
 
Figure 6.4. SHG time profiles of DOPS liposomes (50 M lipid) with various MG concentrations 
in aqueous (pH 4.0) buffer solutions composed of (a) 5 mM citrate and 0 mM KCl, (b) 50 mM 
citrate and 0 KCl, (c) 5 mM citrate and 100 mM KCl, and (d) 50 mM citrate and 100 mM KCl. 
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Figure 6.5. Transport times as a function of malachite green concentration at different citrate (pH 
4.0) and KCl concentrations for (a) DOPG and (b) DOPS liposomes at lipid concentrations of 50 
M. 
 
Adsorption isotherm measurements are performed in order to determine the adsorption site 
density and the free energy of adsorption of MG to the DOPG and DOPS liposome surfaces in 
citrate buffer. The SHG intensities for different MG concentrations are measured directly upon 
MG addition (at t = 0 s) using a fresh 50 M liposome sample for each measurement. The SHG 
intensities at t = 0 s were fit using the modified Langmuir isotherm model that describes reversible 
adsorption to yield a monolayer, with 22, 25 
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𝐼𝑆𝐻𝐺 = 𝐴 (
𝑁
𝑁𝑚𝑎𝑥
)
2
+ 𝐵 + 𝑀𝛼       (6.3) 
and 
 
𝑁
𝑁𝑚𝑎𝑥
=  
(C+ 𝑁𝑚𝑎𝑥+ 
55.5
𝑘
)− √(C+ 𝑁𝑚𝑎𝑥+ 
55.5
𝑘
)
2
−4𝐶𝑁𝑚𝑎𝑥
2 𝑁𝑚𝑎𝑥
     (6.4) 
where, 𝑁 is the concentration of dye molecules adsorbed, 𝑁𝑚𝑎𝑥 is the maximum adsorption site 
concentration, 𝐴 is the SHG intensity at saturation, 𝐵 is the baseline offset, 𝑀 is the concentration 
of free dye molecules in solution, 𝛼 is the slope obtained from the plot of SHG intensity of dye 
alone as function of concentration C, 55.5 is the molar concentration of water, and 𝑘 is the 
adsorption equilibrium constant. The free energy of adsorption is calculated using the equation 
∆𝐺 =  −𝑅𝑇 𝑙𝑛 𝑘. The number of lipid molecules per adsorption site of MG is obtained from the 
ratio of lipid concentration to the maximum adsorption site concentration.52 
The adsorption isotherm is established by titrating a fixed concentration of lipids with an 
increasing concentration of MG until the SHG signal reaches a plateau at saturated adsorbate 
coverage. The SHG adsorption isotherms at four different buffer solutions as a function of MG 
concentration for DOPG and DOPS liposomes are shown in Figures 6.6 and 6.7, respectively. The 
corresponding variables and fitting parameters obtained are summarized in Table 2. For both 
DOPG and DOPS liposomes, the equilibrium constants and free energy of adsorption magnitudes 
are largest in buffer A having low citrate concentration and no added KCl, and are smallest in 
buffer D with a high citrate concentration and 100 mM KCl. The equilibrium constants for DOPG 
are (6.7 ± 0.4) × 107 in buffer A and (2.7 ± 0.3) × 107 in buffer D. Similarly, the equilibrium 
constants for DOPS are (4.7 ± 0.6) × 107 in buffer A and (2.2 ± 0.4) × 107 in buffer D. This follows 
the same trend as the zeta potential measurements in Table 6.1, where the more negative surface 
potentials lead to higher electrostatic attractions of the MG cations, causing larger equilibrium 
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constants. DOPG is observed to have higher equilibrium constants than DOPS under the same 
buffer conditions, in general agreement with the corresponding higher zeta potential magnitudes, 
to within experimental uncertainty.  
 
Figure 6.6. SHG-determined adsorption isotherms for MG with DOPG liposomes at different 
citrate buffer concentrations (5 mM and 50 mM) in the absence of added KCl (a) and with 100 
mM added KCl (b).  pH = 4.0 citrate buffer is used. 
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Figure 6.7. SHG-determined adsorption isotherms for MG with DOPS liposomes at different 
citrate buffer concentrations (5 mM and 50 mM) in the absence of added KCl (a) and with 100 
mM added KCl (b).  pH = 4.0 citrate buffer is used. 
 
The determined maximum adsorption site concentrations and the corresponding numbers of lipid 
molecules per adsorption site provide a more nuanced description of the molecular and ion 
interactions at the liposomes surfaces. For both DOPG and DOPS liposomes, the largest 𝑁𝑚𝑎𝑥  
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Table 6.2. List of variables and fitting parameters obtained from modified adsorption isotherms. 
 
values of 5.6 ± 0.7 M and 11.1 ± 1.1 M, respectively, occur in buffer C under a low citrate 
concentration and 100 mM KCl, while the lowest 𝑁𝑚𝑎𝑥 values of 2.7 ± 0.2 M and 3.8 ± 0.6  
M, respectively, occur in buffer A under a lower citrate concentration and no added KCl. 
Intermediate 𝑁𝑚𝑎𝑥 values are observed in buffers B and D, at higher citrate concentrations at no 
added KCl and 100 mM KCl, respectively, for both DOPG and DOPS liposomes. Here, in the 
absence of added KCl, the results suggest dye-dye repulsion occurs at the liposome surface, 
thereby lowering the adsorption site densities. In the presence of 100 mM added KCl, it is posited 
that greater ion-pair formation occurs, which lowers dye-dye repulsion and stabilizes the 
adsorbates, allowing for increased 𝑁𝑚𝑎𝑥 values. However, with higher citrate concentrations and 
100 mM added KCl in buffer D, diminished 𝑁𝑚𝑎𝑥 values compared to those in buffer C indicate 
that additional competition in adsorption between MG, sodium, and potassium occurs. DOPS 
liposomes possess higher adsorption site densities than the DOPG for all four of the different buffer 
                   DOPG (50 uM)                  DOPS (50 uM) 
Buffer    
   A 
Buffer  
   B 
Buffer  
   C 
Buffer  
   D 
Buffer  
   A 
Buffer  
   B 
Buffer  
   C 
Buffer  
   D 
K (10
7
) 6.7 ± 
0.4 
5.1 ± 
0.4 
3.9 ± 
0.5 
2.7 ± 
0.3 
4.7 ± 
0.6 
3.3 ± 
0.5 
3.1 ± 
0.5 
2.2 ± 
0.4 
N
max  
(µM) 
2.7 ± 
0.2 
3.1 ± 
0.4 
5.6 ± 
0.7 
4.5 ± 
0.8 
3.8 ± 
0.6 
7.4 ± 
0.9 
11.1 ± 
1.1 
9.3 ± 
1.5 
−ΔG 
(kcal/mol) 
10.7 ± 
0.1 
10.5 ± 
0.1 
10.4 ± 
0.2 
10.1 ± 
0.2 
10.5 ± 
0.1 
10.3 ± 
0.2 
10.2 ± 
0.2 
10.0 ± 
0.3 
Lipid/site 
18.6 ± 
1.5 
16.2 ± 
1.9 
9.0 ± 
1.2 
11.1 ± 
2.0 
13.0 ± 
2.1 
6.8 ± 
0.8 
4.5 ± 
0.5 
5.4 ± 
0.9 
A 105.2 ± 
0.6 
75.1 ± 
1.8 
88.6 ± 
1.1 
84.3 ± 
1.2 
232.4 ± 
1.1 
87.2 ± 
0.7 
78.7 ± 
0.5 
72.5 ± 
0.8 
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conditions. Liposomes of DOPS, with two additional charge centers (carboxylate and ammonium), 
is expected to have a higher hydration level, 63-64 which may allow for more sites to which MG 
can adsorb. Additionally, the SHG intensity at saturation, described by 𝐴 in equation (6.3), is much 
higher in buffer A compared to buffers B-D for both DOPG and DOPS, even though the 
corresponding 𝑁𝑚𝑎𝑥 values are smaller, indicating that the added salts change the orientation of 
MG at the liposome surface and decrease the 𝜒(3) term due to ion screening of the electrostatic 
surface potential. 
The MG dye is also used to study molecular interactions with anionic QPADOPE and 
neutral DOPC liposomes. QPADOPE liposomes are negatively charged with zeta potentials that 
are comparable to DOPG and DOPS; however, the charged phosphate site is buried further from 
the liposome surface due to its molecular structure, as shown in Figure A3.4. The SHG intensities 
of QPADOPE liposomes in citrate buffer in the presence and absence of KCl upon the addition of 
MG are similar to the SHG intensities of the dye alone at the corresponding concentrations. 
Additionally, no decay in the SHG signal over time is observed. This indicates that the MG does 
not adsorb to the surface of QPADOPE liposomes and is not transported through the lipid bilayer. 
These results demonstrate that the location of the charged site is important in determining the 
adsorption properties and transport kinetics of molecules interacting with liposomal surfaces. The 
quinone is a bulky group which has strong hydrophobic interactions with neighboring head groups, 
producing a dense shielding layer that prevents malachite green from adsorbing and diffusing in 
the QPADOPE liposomes. Here, the charged phosphate is buried below the quinone at the 
liposome surface, so the electrostatic Coulombic attraction with MG in solution is weakened. 
Similarly, SHG studies of MG interacting with neutral DOPC liposomes in citrate buffer with and 
without added KCl also point to there being no adsorption and no transport of MG, which is 
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consistent with previous work on a similar zwitterionic liposome sample of 1-palmitoyl-2-oleoyl-
sn-glycero-3-phosphocholine (POPC).52 DOPC liposomes have much lower zeta potential 
magnitudes than the anionic DOPG, DOPS, and QPADOPE lipids, giving rise to much weaker 
electrostatic interactions between the MG cation and the liposome bilayer surface. The SHG time 
traces of MG in QPADOPE and DOPC liposomes under different buffers conditions are shown in 
Figure A3.5. 
The interactions of methyl green with DOPG, DOPS, DOPC, and QPADOPE liposomes 
in buffers A and D are also investigated. The structure of MetG is very similar to that of MG, as 
shown in Figure 6.1, but with MetG possessing two positive charge centers instead of one; 
nonetheless, their absorption spectra are quite similar, as shown in Figure A3.9. MetG possesses a 
calculated value of polar surface area (6.25 Å2) that is indistinguishable from that of MG (6.25 
Å2), but MetG has a significantly different distribution coefficient 𝐷 at pH 4.0 (log 𝐷 of −2.93) as 
compared to MG (log 𝐷 of 0.66).65, 66 Additionally, MetG exhibits comparable SHG signals to MG 
for nanoparticle adsorption isotherm measurements.24 The key difference between MG and MetG 
is that MetG is doubly charged while MG is singly charged. The higher charge of MetG should 
lead to larger electrostatic attraction of MetG to the liposome surface. However, no adsorption and 
no transport of MetG is observed for these liposome samples. In Figures 6.8 (a) and (b) are shown 
the SHG time profiles of DOPG and DOPS liposomes, respectively, in buffer D (pH 4.0, 50 mM 
citrate and 100 mM KCl) after the addition of 5.2 M, 14.8 M, and 27.8 M MetG. SHG time 
profiles of MetG added to DOPG and DOPS liposomes in buffer A and to QPADOPE and DOPC 
liposomes in buffer D are shown in Figures A3.6 and A3.7, respectively. These SHG signals are 
all constant in time, to within experimental uncertainty with values that are approximately the same 
as from MetG alone at corresponding concentrations in buffer without any liposomes, as shown in 
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Figure A3.7 (c). Molecular ions with high charge densities typically have more negative free 
energies of solvation and tightly-bound solvation shells,67 as indicated by the much less positive 
log 𝐷 value for MetG. A strong hydration shell may prevent MetG from adsorbing to and 
transporting through the liposomal surface/bilayer. This demonstrates that electrostatic 
interactions between the lipid surface and charged molecular dye is not the only important factor 
for adsorption and transport. Other factors such as the structure of the lipid head group, the extent  
 
 
Figure 6.8. SHG time profiles upon addition of various concentrations of methyl green (MetG) to  
(a) DOPG and (b) DOPS liposomes at lipid concentrations of 50 M and pH 4.0 citrate buffer. 
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of hydration around the molecule, and more complicated interactions with salts and buffer ions 
can all play important roles in the mechanisms involved in molecular adsorption properties and 
transport kinetics in liposomes. These SHG investigations of liposomes, where both molecular 
adsorption and transport kinetics are directly compared for different dyes, lipids, and buffer 
conditions, provide a framework for future studies of fundamental chemical interactions involving 
phospholipid bilayers in water. 
 
6.5 Conclusions 
 
Time-dependent second harmonic generation is used to study the properties of molecular 
adsorption and transport of small cationic organic dyes in the presence of different liposomes under 
varying buffer conditions. The SHG results are analyzed to determine the transport rate constants, 
free energy of adsorption, and adsorption site density of malachite green interacting with DOPG 
and DOPS liposomes in citrate buffers at different concentrations with and without added KCl 
electrolytes. Malachite green is found to adsorb strongly with lower adsorption site densities and 
faster transport times with liposomes in the absence of added salts. The transport rates vary linearly 
with malachite green concentration and are slower with added KCl in DOPG liposomes, but the 
rates exhibit less variation as a function of dye and salt concentration for DOPS liposomes. 
Additionally, malachite green shows no adsorption and no transport with DOPC and QPADOPE 
liposomes. SHG studies using the dicationic methyl green dye also show no adsorption and no 
transport for any of these liposome samples. Factors such as electrostatic interactions between the 
molecular ions and the charged liposome surface, the structure of the lipid head group, electrolyte 
adsorption, ion-pair formation, adsorbate-adsorbate repulsion, and hydration of the ions are found 
to influence the overall adsorption and transport properties. Understanding the complexity of 
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interactions between molecules, ions, and lipid bilayers is important for advancing potential drug-
delivery applications. 
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APPENDIX 1 
DETERMINATION OF THE SURFACE CHARGE DENSITY OF 
COLLOIDAL GOLD NANOPARTICLES USING SECOND HARMONIC 
GENERATION 
 
 
A1.1 Aggregation Measurements Using Second Harmonic Generation 
 
  While the SHG signal is observed to decrease due to the χ(3) effect at low salt 
concentrations, as shown in Figures 2.4, 2.5, and 2.7, the SHG signal is observed to increase 
dramatically at higher salt concentrations due to nanoparticle aggregation. Figure A1.1 shows the 
SHG signal from the nanoparticle sample when adding much higher NaCl and MgCl2 
concentrations, where aggregation begins at around 15 and 0.3 mM, respectively. Corresponding 
extinction spectroscopy measurements of the gold nanoparticle sample at varying NaCl and 
MgCl2, shown in Figure A1.2, display no spectral shifts or spectral changes up to 10 mM and 0.08 
mM, respectively. At higher concentrations, nanoparticle aggregation is clearly observed in the 
extinction spectra, in corroboration with the SHG measurements.1 Aggregation is shown to occur 
at much lower concentrations for MgCl2, as expected due to the higher valence of the Mg
2+ ion 
compared to the Na+ ion having a much stronger shielding effect. 
 
 
 
 
 
 
 
Figure A1.1. SHG signal from the gold nanoparticle sample at higher (a) NaCl and (b) MgCl2 
concentrations, showing aggregation. The error bars are smaller than the data points. 
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Figure A1.2. Extinction spectra of 50 nm gold nanoparticles as a function of (a) NaCl and (b) 
MgCl2 salt concentrations. The spectra show that aggregation starts near 6 mM for NaCl and 
near 0.5 mM for MgCl2. 
 
A1.2 Fitting with Numerical Solutions to the Poisson-Boltzmann Equation 
The Poisson-Boltzmann equation is given in equation (1). The Laplacian is equal to 
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method is used to solve the spherical Poisson-Boltzmann equation with the boundary conditions 
that (
𝜕Φ
𝜕𝑟
)
𝑟=𝑎
= −
𝜎
𝜀
 and that Φ(∞) = 0.2-4 Here, the nanoparticle radius 𝑎 equals 25 nm. The 
numerical solutions are calculated to find the electrostatic surface potential Φ0 for many 
concentrations for both the 1:1 and 2:1 electrolytes, simulating the NaCl and MgCl2 salts, 
respectively. For large 𝜅𝑎 values and symmetric electrolytes, the potentials agree with the Gouy-
Chapman model, as expected, where 𝜅 is the inverse of the Debye length. For the experimental 
conditions described by Figure 2.7, the 𝜅𝑎 values range from approximately 0.17 to 0.81 for NaCl 
and from 0.09 to 0.88 for MgCl2, which are all conditions where the Gouy-Chapman is an 
inaccurate approximation to the Poisson-Boltzmann equation. Representative surface potentials 
from the Gouy-Chapman model, using equation (2.2), and from the numerical solutions to the 
Poisson-Boltzmann equation for a surface charge density 𝜎 of −0.0015 C/m2 are shown in Figure 
A1.3. 
In order to fit the experimental measurements of the SHG electric field as a function of the 
salt concentration 𝐶 for the gold nanoparticle sample to the numerical solutions to the Poisson-
Boltzmann equation, correction factors that depend on 𝐶 and 𝜎 are determined to relate the Gouy-
Chapman model to the numerical solutions for nanoparticles with a 25 nm radius. First, a trial 
value of 𝜎 is used for both the Gouy-Chapman model and numerical solutions to obtain the surface 
potentials, Φ0
𝐺𝐶 and Φ0
𝑛𝑠, respectively for both the 1:1 and 2:1 electrolytes. Here, for the Gouy-
Chapman calculation, 𝑧 equals 1 for the 1:1 electrolyte, and 𝑧 is taken as 2 for the 2:1 electrolytes, 
as explained earlier. The surface potentials are calculated for seven equally spaced concentrations 
from 0.1 µM to 2 µM and for fifteen equally spaced concentrations from 2 µM to 90 µM for the 
1:1 electrolyte. Similarly, the surface potentials are calculated for seven equally spaced 
concentrations from 0.01 µM to 0.3 µM and for fifteen equally spaced concentrations from 0.3 
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µM to 42 µM for the 2:1 electrolyte. Next, a concentration-dependent correction factor given by 
𝑓(𝐶) = [Φ0
𝑛𝑠(𝐶)/Φ0
𝐺𝐶(𝐶) ] is calculated and fit to a double-exponential given by𝑓(𝐶) =
 𝐴1exp (−𝐶/𝑏1) + 𝐴2exp (−𝐶/𝑏2) + 𝑦0. Representative calculated correction factors as a 
function of salt concentration are shown in Figure A1.4 along with the double-exponential best 
fits. These steps are repeated for five different 𝜎 values ranging from −0.0025 C/m2 to −0.0005 
C/m2. The corresponding double-exponential fit parameters, 𝐴1, 𝐴2, 𝑏1, 𝑏2, and 𝑦0 for the 1:1 and 
2:1 electrolytes are shown in Figure A1.5 as a function of surface charge density 𝜎. These 
parameters are each fit to separate quadratic polynomials as a function of 𝜎. This provides 
correction factors that are functions of both 𝐶 and 𝜎 over the range of values investigated 
experimentally. Finally the experimental results of the SHG measurements are fit using 𝐸𝑆𝐻𝐺 =
𝐴 + 𝐵Φ0 where Φ0 = 𝑓(𝐶, 𝜎) Φ0
𝐺𝐶(𝐶, 𝜎) for both the NaCl and MgCl2 using the correction factor 
best fits. These numerical solution best fits are done for the case where ion adsorption is neglected 
and for the case where ion adsorption is included, as described in the paper. 
 
 
 
 
 
 
 
 
Figure A1.3. The calculated electrostatic surface potentials as a function of the salt concentration 
for (a) the 1:1 electrolyte and (b) the 2:1 electrolyte for a surface charge density of -0.0015 C/m2 
using the Gouy-Chapman model (red circles) and numerical solutions to the Poisson-Boltzmann 
equation for a nanoparticle with a 25 nm radius (blue circles).  
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Figure A1.4. Calculated correction factors for (a) a 1:1 electrolyte and (b) a 2:1 electrolyte as a 
function of salt concentration for a surface charge density of -0.0015 C/m2 and a nanoparticle 
with a 25 nm radius (purple circles) along with the corresponding double-exponential best fits 
(black curves). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A1.5. The double-exponential fit parameters, (a) 𝐴1, (b) 𝐴2, (c) 𝑏1, (d) 𝑏2, and (e) 𝑦0 for 
1:1 electrolytes and (f) 𝐴1, (g) 𝐴2, (h) 𝑏1, (i) 𝑏2, and (j) 𝑦0 for 2:1 electrolytes corresponding to 
the correction factors as a function of surface charge density 𝜎. These calculated fit parameters 
(solid circles) are each fit to quadratic polynomials (solid lines) as a function of 𝜎. 
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The resulting surface potentials corresponding to the best fits to the SHG experimental 
measurements using the three models described in the manuscript as a function of added salt 
concentration for NaCl and MgCl2 are shown in Figure A1.6 (a) and (b), respectively. These 
calculated results are compared to the zeta potential measured before the addition of salts, showing 
that the numerical solutions to the Poisson-Boltzmann equation including ion adsorption provides 
the best agreement.  
Figure A1.6. Surface potential as a function of added (a) NaCl and (b) MgCl2 salt concentrations 
using the best fits calculated using the Gouy-Chapman model (green curves) and numerical 
solutions to the Poisson-Boltzmann equation without ion adsorption (red curves) and with ion 
adsorption (black curves). The measured zeta potential before the addition of salt is also shown for 
comparison. 
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APPENDIX 2 
PLASMON-ENHANCED PHOTOCLEAVING DYNAMICS IN COLLOIDAL 
MICRORNA-FUNCTIONALIZED SILVER NANOPARTICLES USING SECOND 
HARMONIC GENERATION 
 
 
A2.1 Scheme of Photocleaving Process 
The nitrobenzyl photocleaveable linker is a commonly used linker utilized for its high 
cleaving efficiency under UV irradiation.1-3 The photolytic mechanism is understood to follow the 
nitro group reduction to nitroso and oxidation of the benzylic carbon through the aci-nitro anion 
intermediate to release the phosphate ester.4 Scheme A2.1 shows the structure of the 
photocleavable (PC) miRNA-148b functionalized nanoparticles before and after UV irradiation.  
 
Scheme A2.1: Details of the sequences and the photocleaving process. The alkyl thiol linker 
attaches to the nanoparticle surface and connects through the PC-linker to the miRNA that is 
labeled with the 6-TAMARA fluorophore.   
 
A2.1 Fluorescence Measurement 
Additional fluorescence measurements are taken on the colloidal silver nanoparticles 
(SNPs) and the miRNA-functionalized SNPs labeled with the 6-TAMRA fluorophore. When 
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excited with 531 nm, negligible emission is observed from the SNP sample. However, a strong 
emission peak centered at 572 nm is observed from the miRNA-functionalized SNPs due to the 
labeled 6-TAMRA fluorophore, as shown in Figure A2.1. 
 
Figure A2.1. Fluorescence signal of the SNPs before and after miRNA functionalization.  
A2.3 Power Dependent Analysis in miRNA-PSNP 
MiRNA-functionalized PSNPs are irradiated at different laser powers at 365 nm and the 
time-dependent SHG electric fields are shown in Figure A2.2. The rate constants from the miRNA-
functionalized PSNPs obtained at the laser powers of 15, 25, 35, 60, and 85 mW are (0.9 ± 0.3) x 
10−3 s−1, (1.3 ± 0.3) x 10−3 s−1, (1.8 ± 0.2) x 10−3 s−1, (3.5 ± 0.3) x 10−3 s−1 and (4.5 ± 0.3) x 10−3 
s−1, respectively. These power-dependent photocleaving rates are much lower than the 
corresponding rates from the miRNA-functionalized SNP sample shown in the manuscript. 
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A2.4 Zeta Potential Measurement 
  The controlled release of miRNA from the surface of the SNPs as a function of UV 
irradiation time is studied using a zeta potential measurements. The zeta potential of the miRNA-
SNPs increases to less negative values under increasing UV irradiation times, as shown in Figure 
 
Figure A2.2. Measured SHG electric fields from miRNA-functionalized PSNPs as a function of 
irradiation time with 365 nm at different UV laser average powers with corresponding exponential 
fits.  
 
A2.3 (a) and (b). Figure A2.3 (a) shows electrophoretic mobilities of the miRNA-functionalized 
SNPs at different UV irradiation times using 365 nm irradiation at an average power of 20 mW. 
The electrophoretic motilities at 0 min, 0.5 min and 14 min are (3.9 ± 0.6) x 10-8 m2/Vs, (3.5 ± 0.5) 
x 10-8 m2/Vs and (2.5 ± 0.5) x 10-8 m2/Vs, respectively. The corresponding zeta potentials are –
74.8 ± 11.4 mV, –66.7 ± 9.6 mV and –48.3 ± 10.3 mV for 0 min, 0.5 min and 14 min of UV 
irradiation, respectively, using Huckel’s aproximation. The zeta potential of the miRNA-
functionalized SNPs after 14 min of photolysis is equal to the zeta potential of the original SNPs 
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sample, −49.8 ± 10.2 mV, to within experimental uncertainty. Figure A2.3 (b) shows the zeta 
potential of the miRNA-functionalized SNPs as a function of UV irradiation time. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A2.3. (a) The electrophoretic mobility of the miRNA-functionalized SNPs under different 
UV irradiation times. (b) Zeta potential of the miRNA-functionalized SNPs under varying UV 
irradiation times.  
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APPENDIX 3 
IMPACTS OF SALT, BUFFER, AND LIPID NATURE ON MOLECULAR 
ADSORPTION AND TRANSPORT IN LIPID BILAYER AS OBSERVED BY SECOND 
HARMONIC GENERATION  
 
A3.1 Lipid Concentration Determination and Liposome Size Distributions 
A Bartlett assay is used to determine the lipid concentration in the liposome samples. A set 
of phosphate standards is prepared in triplicate in the range of 10 nmole to 130 nmole. An 
appropriate volume of 0.65 mM phosphate standard is placed in a 10 mL disposable glass test tube. 
10 µL of the vesicle solution is also aliquoted into separate test tubes in triplicate. 0.4 mL of 70% 
perchloric acid (HClO4) is added to each test tube and the test tubes are placed in a heating block 
at 180 °C for 30 min.  The test tubes are allowed to cool down to room temperature before adding 
4.6 mL of 0.22% ammonium molybdate ((NH4)6Mo7O24) in 0.125 M sulfuric acid and 0.2 mL of 
a prepared 0.16 g/mL Fiske-Subbarow reducer solution from Sigma Aldrich. These test tubes are 
vortexed and placed in a 100 °C water bath for 10 min. The presence of phosphorus is apparent by 
the formation of an aqua-blue color in the solution. Absorbance at 800 nm of the phosphorus-  
Figure A3.1. Bartlett assay calibration for determining the lipid concentration.  
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molybdate complex is directly measured from the test tubes without dilution using a UV-Vis 
spectrometer. The calibration curve for the Bartlett assay is shown in Figure A3.1. The liposome 
size distributions are measured by dynamic light scattering (DLS). Representative size 
distributions for DOPG, DOPS, DOPC, and QPADOPE liposomes in 50 mM citrate and 100 mM 
KCl at pH 4.0 are shown in Figure A3.2. These measured average sizes correspond to 153 nm ± 
29 nm, 155 nm ± 33 nm, 156 nm ± 41 nm, and 154 nm ± 36 nm, respectively. DLS measurements 
of these liposomes in all buffer solutions A-D show the same size distributions, to within 
experimental uncertainty. 
 
Figure A3.2. Size distributions measured by dynamic light scattering for DOPG, DOPS, DOPC, 
and QPADOPE liposomes. 
 
Additional Details on SHG Measurements of Molecular Interactions with Liposomes  
The transport times of MG through DOPG and DOPS liposome bilayers in the various 
buffer solutions are listed in Table A3.1. Figure A3.3 shows the variation of transport rate constants 
𝜏−1 as a function of malachite green concentration. For DOPG, the transport rate constants vary 
linearly with the dye concentration whereas there is no clear linear variation for DOPS. The 
molecular structures of tri-methyl quinone dioleoylphosphoethanolamine (QPADOPE) and 
20
15
10
5
0
In
te
n
s
it
y
 (
%
)
1 10 100 1000
Diameter (nm)
DOPG
DOPS
DOPC
QPADOPE
128  
  
dioleoylphosphocholine (DOPC) liposomes are shown in Figure A3.4. The interaction of 
malachite green with QPADOPE and DOPC liposomes is studied in 50 mM citrate buffer in the 
absence of KCl and with 100 mM added KCl. Neither transport nor adsorption of malachite green 
is observed in these liposomes, as shown in the Figure A3.5. Figure A3.5 (e) displays the results 
from control experiments where the SHG intensity of malachite green dye in the buffer solution is 
measured as a function of time in the absence of liposomes for direct comparison. The SHG signal 
after the addition of malachite green in the liposome samples is comparable with the signal from 
the malachite green in the absence of liposomes at their corresponding concentrations, with no 
change in SHG signal over time to within experimental uncertainty. Similarly, SHG studies of 
methyl green in DOPG, DOPS, QMEDOPE, and DOPC liposome samples in different buffer 
conditions are conducted. The results, shown in Figures A3.6 and A3.7 demonstrate that methyl 
green does not adsorb to these liposome surfaces and does not transport through these liposome 
bilayer membranes. The SHG signal from MG alone as a function dye concentration in the 
different buffer solutions is shown in Figure A3.8. Figure A3.9 shows the absorption spectra of 
MG and MetG in citrate buffer at pH 4.0 at different times. The absorption spectra are constant 
with time, showing the stability of the dyes in citrate buffer. However, in phosphate buffer (PBS) 
at a 50 mM concentration, the hydroxylation reaction of MG and MetG over time causes significant 
changes in the corresponding absorption spectra, as shown in Figure A3.10. 
Error Analysis of Fits 
 The R2-values for the fits describing the time-dependent exponential functions for the 
molecular transport studies are shown in Table SA3.2. The R2-values for the fits describing the 
modified Langmuir functions for the molecular adsorption studies are shown in Table 3.3. All error 
bars presented from fits correspond to standard deviations. 
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Table A3.1. Transport times of malachite green in DOPG and DOPS liposomes under different buffer 
conditions. N/M indicates data were not measured. 
Table A3.2. R2-values of time-dependent exponential fits. N/M indicates data were not measured. 
 
 
MG 
(µM) 
R
2
-values of exponential fits 
DOPG DOPS 
Buffer 
A 
Buffer 
B 
Buffer 
C 
Buffer 
D 
Buffer 
A 
Buffer 
B 
Buffer 
C 
Buffer 
D 
1.3 0.99 0.95 0.94 0.87 0.96 0.84 0.94 0.85 
2.6 0.97 0.99 0.98 0.95 0.98 0.96 0.97 0.90 
3.8 0.97 0.98 0.97 0.96 N/M N/M N/M N/M 
5.2 0.98 0.96 0.99 0.95 0.99 0.88 0.97 0.95 
7.7 0.94 0.98 0.99 0.97 0.98 0.91 0.97 0.98 
12.6 N/M N/M N/M N/M 0.98 0.95 0.98 0.97 
15.0 0.99 0.98 0.91 0.91 N/M N/M N/M N/M 
20.0 N/M N/M N/M N/M 0.98 0.97 0.98 0.95 
 
Transport time (s) 
DOPG DOPS 
MG 
(M) 
Buffer 
A 
Buffer 
B 
Buffer 
C 
Buffer 
D 
Buffer 
A 
Buffer 
B 
Buffer 
C 
Buffer 
D 
1.3 285 ± 18 345 ± 54 426 ± 24 767 ± 57 510 ± 53 396 ± 49 360 ± 67 279 ± 16 
2.6 256 ± 25 325 ± 25 385 ± 35 567 ± 50 576 ± 86 434 ± 56 395 ± 59 291 ± 66 
3.8 156 ± 12 276 ± 25 320 ± 24 438 ± 76 N/M N/M N/M N/M 
5.2 119 ± 7 200 ± 20 254 ± 25 377 ± 71 411 ± 34 466 ± 69 624 ± 51 436 ± 83 
7.7 87 ± 10 134 ± 7 205 ± 40 241 ± 24 271 ± 24 235 ± 55 443 ± 66 295 ± 25 
10.2 61 ± 6 90 ± 7 143 ± 18 220 ± 53 265 ± 23 196 ± 11 395 ± 32 269 ± 17 
12.6 59 ± 4 77 ± 10 125 ± 6 199 ± 25 261 ± 19 141 ± 13 353 ± 35 247 ± 22 
15.0 55 ± 2 72 ± 4 119 ± 3 146 ± 20 N/M N/M N/M N/M 
20.0 N/M N/M N/M N/M 257 ± 23 141 ± 11 368 ± 42 244 ± 22 
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Table A3.3. R2-values of modified Langmuir isotherm fits. 
Buffer R2-values of isotherm fits 
DOPG DOPS 
A 0.998 0.990 
B 0.996 0.992 
C 0.991 0.990 
D 0.993 0.987 
Figure A3.3. Variation of the transport rate constant (1/) as a function of malachite green 
concentration for (a) DOPG and (b) DOPS liposomes at different citrate (pH 4.0) and KCl 
concentrations. 
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Figure A3.4. Molecular structures of (a) QPADOPE and (b) DOPC, respectively.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A3.5. SHG data at pH 4.0 showing no adsorption to and no transport of MG for QDOPE 
liposomes in 50 mM citrate buffer with (a) 0 mM KCl and (b) 100 mM KCl, and DOPC liposomes 
in 50 mM citrate buffer with (c) 0 mM KCl and (d) 100 mM KCl, under various MG 
concentrations. SHG data of MG alone (e) in pH 4.0, 50 mM citrate buffer with 100 mM KCl are 
shown for comparison.  
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Figure A3.6. SHG data showing no adsorption to and no transport of MetG for (a) DOPG and (b) 
DOPS liposomes at various MetG concentrations in pH 4.0, 5 mM citrate buffer. 
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Figure A3.7. SHG data at pH 4.0 showing no adsorption to and no transport of MetG for (a) DOPC 
and (b) QDOPE liposomes at various MetG concentrations. SHG data of MetG alone (c) in pH 
4.0, 50 mM citrate buffer with 100 mM KCl are shown for comparison.  
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Figure A3.8. SHG signal intensity of malachite green dye as a function of concentration in different 
buffer concentrations, pH 4.0.  
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A3.9. Absorption spectra of (a) malachite green and (b) methyl green in citrate buffer at pH 
4.0. 
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Figure A3.10. Absorption spectra of (a) malachite green and (b) methyl green in phosphate buffer 
at pH 7.4. 
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APPENDIX 4 
PERMISSIONS 
 
 
 
137  
  
 
138  
  
 
139  
  
 
140  
  
VITA 
 
 
Raju R. Kumal received a Master’s of Science in Chemistry from Tribhuvan University of 
Nepal in 2008, where he studied corrosion behavior of alloys under varying pH conditions. He 
joined Professor Louis Haber’s research group in fall 2012 in the Department of Chemistry at 
Louisiana State University. His research focuses on ultrafast and nonlinear spectroscopy and 
nanoparticle synthesis for potential applications in drug delivery, sensing, catalysis and 
photovoltaics. 
 
 
